Clemson University

TigerPrints
All Dissertations

Dissertations

12-2018

Interfacing the Liquid Sampling- Atmospheric
Pressure Glow Discharge Ion Source with Orbitrap
Mass Spectrometers for High Accuracy High
Precision Isotope Ratio Measurements of Uranium
Edward Dexter Hoegg
Clemson University, ehoegg2@gmail.com

Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations
Recommended Citation
Hoegg, Edward Dexter, "Interfacing the Liquid Sampling- Atmospheric Pressure Glow Discharge Ion Source with Orbitrap Mass
Spectrometers for High Accuracy High Precision Isotope Ratio Measurements of Uranium" (2018). All Dissertations. 2250.
https://tigerprints.clemson.edu/all_dissertations/2250

This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been accepted for inclusion in All Dissertations by
an authorized administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.

INTERFACING THE LIQUID SAMPLING – ATMOSPHERIC PRESSURE
GLOW DISCHARGE ION SOURCE WITH ORBITRAP MASS
SPECTROMETERS FOR HIGH ACCURACY
HIGH PRECISION ISOTOPE RATIO
MEASUREMENTS OF URANIUM

A Dissertation
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy
Chemistry

by
Edward Dexter Hoegg
December 2018

Accepted by:
R. Kenneth Marcus, Committee Chair
George Chumanov
Carlos Garcia
Brian Powell

ABSTRACT
The integration of the liquid sampling – atmospheric pressure glow discharge (LSAPGD) with Orbitrap mass spectrometers has led to a potential paradigm shift in the field
of high certainty isotope ratio measurements. Since the dawn of the atomic age, mass
spectrometry has played a critical role in performing isotope ratio measurements of
uranium (U), plutonium (Pu) and other radionuclides. Traditionally, these measurements
have been made using thermal ionization mass spectrometry (TIMS) instruments and, more
recently, inductively coupled plasma mass spectrometry (ICP-MS) instruments. While the
ability of these instruments to perform isotope ratio measurements with a high degree of
certainty has been proven, they remain large laboratory-based instruments with long
sampling times, especially those associated with TIMS. To this end, Clemson University
and Pacific Northwest National Laboratory have interfaced the LS-APGD with Orbitrap
mass spectrometers with the goal of developing a field deployable system capable of
performing isotope ratio measurements that meet the International Target Values (ITVs)
for Measurement Uncertainties in Safeguarding Nuclear Materials for U samples. The LSAPGD offers a number of attractive operating parameters for a field deployable source,
including gas flow rates of 200 – 1000 mL min-1, liquid flow rates of 5-60 μL min-1 and
power consumption of <50 W, all while operating in a total consumption mode with power
densities >10 W mm-3. While the initial demonstration of LS-APGD ion source was
completed using Orbitrap mass spectrometers, trap type mass analyzers have been largely
ignored in the field of isotope ratio mass spectrometry. As such, this research involves two
large unknowns in the field of isotope ratio mass spectrometry. Over the course of the
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research presented here, the LS-APGD-Orbitrap system has been used to measure a number
of different certified reference materials (CRM) ranging in enrichment from natural to 80%
235

U, and has been able to meet the ITV value for each of the sample types analyzed.

Ultimately the system was able to measure CRM U-800 (assayed as 235U/238U = 4.265622)
as 4.266922, with a combined standard uncertainty, (uc), of 0.040%. Given these results,
the LS-APGD-Orbitrap system shows excellent promise in the fields of nuclear forensics
and nuclear safeguards where high certainty measurements are required.
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CHAPTER ONE
INTRODUCTION
Abstract
The precise measurement of uranium (U), plutonium (Pu), and related radionuclides is an
ongoing major research effort that is essential for nuclear safeguards and nuclear forensics.1
While there are many instruments used for the detection and determination of nuclear
materials, mass spectrometry (MS) continues to be the gold standard for high accuracy,
high precision measurements of isotopes and isotope ratios.2-3 Due to the nature of these
materials, they are scrutinized above a normal level in order to ensure that they are
accounted for. Traditionally, in the nuclear field, these measurements are performed using
thermal ionization mass spectrometry (TIMS) and inductively coupled plasma mass
spectrometry (ICP-MS). In this dissertation, the results of interfacing the liquid samplingatmospheric pressure glow discharge (LS-APGD) with Thermo Exactive Orbitrap mass
spectrometers for the measurement of U isotope ratios is presented.
Nuclear Safeguards
Since the dawn of the atomic age and the establishment of the International Atomic
Energy Agency (IAEA), nuclear safeguards have played and continue to play a central role
in international security.4-7 Safeguards are defined by the IAEA as “a set of technical
measures applied by the IAEA on nuclear material and activities, through which the
Agency seeks to independently verify that nuclear facilities are not misused and nuclear
materials are not diverted from peaceful uses.”8 In order to complete this goal, the IAEA
relies on nuclear forensics to characterize various nuclear materials and interpret the
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resulting data to ensure that international treaties are upheld and that trafficking of
nuclear material for nefarious purposes, including nuclear terrorism, is prevented. 1, 4-5, 911

More generally, nuclear forensics is a critical subset of analytical chemistry that is used

to both perform measurements for treaty verification as well as to provide information
on device type, material origin and likely and/or unlikely responsible parties, should a
nuclear event occur. Ultimately, such information is used by the international community
to determine legal, civil or retaliatory actions. While safeguards include a wide range of
materials and equipment that is used in the nuclear process, for the purposes of the
research presented in this dissertation, the primary nuclear material that is considered is
U samples with varying enrichments. It is expected however, that these techniques could
be adapted to measure Pu, as well as the associated radionuclides.
In order to meet the demands of safeguards, and due to the sensitive nature of U,
the accurate and precise measurement of these materials is critical. The effectiveness of
verification depends largely on the quality of the accountancy measurements achieved.
To this end, the IAEA has established a set of criteria to ensure safeguards verification,
the International Target Values (ITVs) for Measurement Uncertainties in Safeguarding
Nuclear Materials.11 The ITVs for TIMS and multi-collector (MC)-ICP-MS are presented
in Table 1. Broadly speaking, the ITVs are used to characterize the reliability of analytical
techniques applied to industrial nuclear and fissile materials. The ITVs account for
measurement errors that lead to uncertainty in the measurement. Uncertainty is defined
in the ITVs to mean “a statistical parameter, associated with the result of a measurement,
to characterize the dispersion of measurement values that could reasonably be attributed

2

Table 1.1: International Target Values for Measurement Uncertainties in Nuclear
Safeguards for the destructive analysis of uranium using MC-ICP-MS and TIMS.
*Systematic uncertainty component, u(s), short-term systematic errors determined by the
relative error (%RD) after a correction factor. **Random uncertainty component, u(r),
defined as the relative standard deviations (%RSD) of the random errors. ***Combined
uncertainty expresses as a percentage.

to a measurand.” In order to determine if a measurement meets the ITV, the combined
uncertainty is determined from the random uncertainty component, u(r), and the
systematic uncertainty component, u(s). Each of these uncertainty components are also
defined: the random uncertainty component, u(r), is defined simply as the standard
deviations of the random errors which occur in an unpredictable manner under repeatable
conditions. The systematic uncertainty component, u(s), is defined as the standard
deviation of the short-term systematic error which remains constant for a short term when
measurement conditions are not altered while varying in an unpredictable way on a longterm perspective. The random uncertainty component, u(r), and systematic uncertainty
component, u(s), are measured using the % relative standard deviation (%RSD) and the
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% relative deviation (%RD) of the measurement from the true value. The IAEA rely on
a number of techniques to determine if materials are permissible under a country’s
international safeguards agreement including Alpha Spectrometry, Gravimetry, X-ray
Fluorescence, High Resolution Gamma Spectrometry, and MS, to name a few. Of these
techniques, MS continues to play a central role in nuclear safeguards and nuclear
forensics in general and is especially critical to determine the isotope ratios of U in a
sample.
Traditional Mass Spectrometry Instrumentation for Isotope Ratio Measurements
MS is a versatile analytical technique that provides the user with a wealth of information,
ranging from elemental composition and concentration, to molecular information of
complex systems. In addition to the nuclear fields, the ability of MS to measure all the
elements across the periodic table and to provide information about the isotopes present in
a sample is critical in the fields of geological, biological, and environmental sciences to
name just a few. In the realm of nuclear safeguards where measurement accuracy and
precision of isotope ratios are critical, TIMS and MC-ICP-MS are considered to be the gold
standard and work horse instruments, respectively.2, 5, 11-15 Additionally, for direct solid
analysis secondary ionization MS (SIMS)16 and laser ablation (LA) ICP-MS17-19 are also
widely accepted. However, discussion of SIMS and LA-ICP-MS is limited going forward.
In general these instruments are proven in the ability to perform isotope ratio measurements
with a high degree of fidelity. Unfortunately, however, these instruments also suffer from
several common drawbacks that limit their use to large national laboratories. What follows
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is a brief description of TIMS and MC-ICP-MS instruments, which are typically used in
safeguards for the determination of isotope ratios.
For decades, TIMS has been used for high precision isotope ratio analysis of stable
and long lived radionuclides.1, 20 TIMS operates by depositing highly purified sample onto
a filament, typically made from rhenium or tungsten. The sample is then placed in vacuum
where the filament is heated to 1,000 to 2,500 °C depending on the ionization potential of
the sample.9 As the sample is vaporized, a small fraction will undergo spontaneous
ionization if the ionization potential is low enough. Ions are then analyzed using a
magnetic sector with a number of detectors in order to simultaneously measure the
isotopes of interest. The ability of TIMS to perform high precision measurements of
isotope ratios that can vary by orders of magnitude makes it an ideal technique in the
field of nuclear forensics.2 In addition to the size and complexity of the instruments as
mentioned above, there are several disadvantages to using TIMS. First the need to have
chemically pure samples requires timely separation techniques that increase the overall
analysis time. Additionally, not all elements can be ionized using thermal ionization and
generally only a very small mass range can be analyzed at a time. While TIMS has a very
high ion transmission rate, near 100%, the ionization efficiency is relatively poor
compared to other techniques. Due to the relatively low efficiency, and to increase ion
transmission, TIMS must be performed under vacuum which takes several hours, usually
overnight to achieve. Lastly, TIMS suffers from fractionation that can change over the
course of an analysis which can affect the overall accuracy of the technique if it is not
accounted for with stable isotopes and correction factors.
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While TIMS remains the gold standard for isotope ratio measurements, in recent
years, MC-ICP-MS instruments have seen significant use in the field of nuclear forensics
due to the fact that a larger number of elements can be ionized, and the analysis time is
greatly reduced.13, 21-22 The ICP operates by passing a gas (usually argon (Ar)) through a
concentric channel in an ICP torch. An RF load coil located at the end of the torch creates
an oscillating electric and magnetic field that accelerates ions previously stripped off of
the Ar via an ignition source, i.e. a spark. Once the plasma is self-sustaining, a sample is
introduced to the center of the plasma as an aerosol. Unlike TIMS instruments, the
ionization efficiency of an ICP is quite high, nearly 100% but the transmission is
considerably lower due to the multiple vacuum pumping stages needed. It is also
necessary to perform chemical separation of the sample prior to analysis, which detracts
from the relatively fast analysis time. An additional disadvantage of ICP-MS is the
formation of hydrides and argides that create isobaric interferences which limits the
measurement of certain isotopes. One such example is the isobaric interference of 238UH+
when trying to measure

238

Pu+.3 In general, ICP instruments still require significant

operational overhead and trained personnel, even when compared to TIMS.
The Liquid Sampling – Atmospheric Pressure Glow Discharge Ion Source and
Orbitrap Mass Spectrometers
While TIMS and MC-ICP-MS respectively remain the gold standard and
workhouse instruments for IRMS, there has been little advancement towards developing a
field deployable instrument capable of meeting the ITVs. An ideal field deployable MS
instrument would be one that requires minimal consumables, low operational overhead
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(cooling, water, power etc.), minimal amounts of sample, produces little to no waste, and
can be operated by someone who is not a MS expert.23-25 While other analytical fields
including separation sciences, organic mass spectrometry, optical spectroscopy, and sensor
technologies have all seen advancements in miniaturization and portability, the field of
elemental/ isotope analysis has generally lagged behind in this regard. To this end, a
number of groups have moved towards using atmospheric pressure glow discharge
(APGD) sources due to their compact size, simplicity, ruggedness, adaptability, and the
ability to operate without vacuum.26-29 Of these sources, two general designs have been
explored that are operated using an electrolytic solution as one of the electrodes. The first
is the electrolyte cathode discharge (ELCAD) that was originally developed by Cserfalvi
et al.30-31 This source was later adapted by Hiefje et al. and named the solution cathode
discharge. 32-33
The second APGD source was the liquid sampling-atmospheric pressure glow
discharge (LS-APGD) developed by Marcus and Davis, Figure 1.34-35 The LS-APGD is
nominally operated under total consumption mode using a liquid electrolyte (sample) flow
rate of 5–100 µL min-1, a gas flow rate of <1 L min-1 and power consumption of <40 W.
Originally designed as an elemental source for optical emission spectroscopy, significant
research towards optimizing the source and performing fundamental studies was completed
in this modality.35-37 The LS-APGD was first interfaced with an Exactive Orbitrap mass
spectrometer in 2011 in collaboration with Pacific Northwest National Laboratory
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Figure 1.1: a) Drawing of the LS-APGD ion source. b) Picture of the LS-APGD ion
source interfaced with a Q Eactive Focus mass spectrometer.
(PNNL).38-39 This preliminary work showed the efficacy of the LS-APGD as an ion source.
While the initial proof of concept was completed using an Orbitrap instrument, this MS
was only selected due to availability at PNNL and the fact that it has an atmospheric
pressure interface. Optimization and characterization of the ion source took place using a
Thermo LCQ Advantage Max.37, 40-41 These early studies primarily looked at analytical
response of multi-element solutions but did not report isotope ratio accuracy and precision.
More recently, research completed by Zhang et al. highlighted the versatility of the LSAPGD to provide both elemental and molecular analysis of uranyl species. 42 Zhang et al.
conducted additional research showing that the source was capable of molecular analysis.
This was accomplished by replacing the 2% HNO3 electrolytic solution with a mixture of
methanol and water as the solvent.43 A preliminary study showed that when run in this
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mode, the LS-APGD was able to ionize molecules across a range of molecular weights,
including small molecules (e.g. caffeine) and proteins (e.g. myoglobin), while retaining the
structural information necessary to identify the compounds. In addition to introducing the
samples as a solution, additional research has been completed by Marcus et al. and Manard
et al. using the LS-APGD to directly and indirectly sample solids.44-45 In Marcus et al., the
LS-APGD was angled in relation to the orifice of the mass spectrometer and the solid
sample was placed under the plasma in order to conduct ambient desorption ionization.
This work focused on analyzing organic samples, however, this technique was recently
modified by for elemental analysis for optical emission spectroscopy. In Manard et al., the
LS-APGD was used as a secondary ion source for particles that were generated using laser
ablation. The particles were introduced into the plasma via a helium carrier gas that was
fed through a hollow counter electrode.45 Based on the results of these previous efforts, it
was logical to interface the LS-APGD with a commercial ICP quadrupole instrument.
When this was done however, the high pumping speed through the orifice of the MS
resulted in the LS-APGD microplasma being sucked into the interface, striking a discharge
between the sampling and skimmer cones. This resulted in degradation of the skimmer
cone and inconsistent mass spectra that were of no analytical relevance. The result of this
ultimately unsuccessful study was twofold. First, it precluded the use of standard ICP-MS
instruments from being used to characterize the isotope ratio performance of the LSAPGD. Secondly it serendipitously steered the research back towards Orbitrap instruments.
Thermo Exactive Orbitrap instruments use Orbitrap mass analyzers to conduct high
resolution mass analysis. Orbitrap mass analyzers bear a similarity to the “Knight-style”
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Kingdon traps as well as to both Paul traps (quadrupole ion traps) and Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometers.46-50 Orbitraps rely on specially
shaped inner and out electrodes that are axially symmetrical which are required to trap the
ions. The shape of the inner and outer electrodes, as well as the equations for motion have
previously been described by Makarov in considerable detail.46 To summarize his findings,
a DC potential voltage is applied to the center electrode which produces a radial
logarithmic potential between the inner and outer electrodes. The radial electric field is
balanced by the centrifugal force which is generated by injecting the ions tangential to the
trap. This traps the ions in the radial direction around the center electrode. The shape of the
electrodes creates an axial quadrupole term which allows them to be trapped in the axial
direction. The resulting electrostatic potential is described as being quadrologarithmic.
Theoretically, ions can be detected using the radial and rotational frequencies, but
the preferred method is to use the axial frequencies.46,

49

The radial and rotational

frequencies are dependent on the initial parameters when they enter the trap, which means
they will de-phase with each other in approximately 100 oscillations, orders of magnitude
faster than in the axial direction. After dephasing, ions of the same m/z will be uniformly
distributed around the center electrode in a ring. This means that opposite sections of the
ring will produce opposite image currents, effectively cancelling each other out. Axial ion
motion however, is independent of the initial energy and spatial spread of the ions, and can
be described as a harmonic oscillator. The ion current is thus detected by the two halves of
the outer electrode as the ions oscillate between the two ends of the trap. The m/z is related
to the frequency of this oscillation. Ultimately the ions will also de-phase in the axial

10

direction due to ion-ion interactions, interactions with gas, and imperfections in the shape
of the electrodes. Detection of the ions is completed by broadband image current detection
followed by fast Fourier transform (FFT), which converts the time domain signal to a mass
to charge spectrum. This is similar to FT-ICR, however, for an analysis of equal time, the
resolving power of the Orbitrap diminishes at a slower rate because the resolving power is
determined by the square root of the m/z.46-51
The resulting Thermo Exactive Orbitrap instruments have a number of desirable
characteristics to the field of IRMS. Orbitraps have been shown to be capable of handling
relatively large ion populations with minimal space charge effects while also providing a
large dynamic range with modest sensitivity. Most dramatically, they can provide ultrahigh mass resolving power (m/Δm >1,000,000) and high mass accuracy.47, 51 This would
be of special interest in eliminating isobaric interferences of natural and radionuclides that
currently require samples to be separated prior to mass analysis. Additionally, similar to
multi-collectors that are used in MC-ICP-MS and TIMS, Orbitraps simultaneously detect
ions leading to greater measurement precision. That said, there has been relatively little
research into using Orbitraps for elemental or isotope ratio analysis. At present there have
been only two groups that have published results using Orbitraps to conduct isotope ratio
measurements. In related research, Eiler et al. has demonstrated isotope analysis of stable
isotopes (C, H, N, O, S) using high field (hf) Orbitrap instruments. In this research they
showed high levels of measurement precision, single-/ in minutes and tenths-/ in tens
of minutes, using electrospray and gas phase electron ionization sources.52 In research
completed by Brios et al., a prototype instrument, the Cosmorbitrap, is demonstrated that
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uses the ion optics and Orbitrap from a Q Exactive system. While still under development,
the Cosmorbitrap uses laser ablation to ionize elemental and organic samples and reported
values for Zr isotopes with measurement precision in the range of 0.4-3.8 x 10-2.53
At the time this research began, neither the LS-APGD nor the Orbitrap mass
analyzer had been used to conduct isotope ratio measurements and as a result, this coupling
involves two large unknowns in the field of IRMS. Unfortunately, the research presented
here does little to answer the independent questions explicitly and the limited research that
is being conducted by other research groups is of little help. However, as can be seen
throughout this dissertation, the results of this coupling are promising and warrant
continued research. While a preliminary optimization of the LS-APGD interfaced with an
Exactive Orbitrap instrument and a more thorough inter-parameter optimization was
completed using a Thermo LCQ Advantage Max, both of these optimizations were focused
on analytical response and little attention was paid to isotope ratio accuracy or precision.
Thus, upon interfacing the LS-APGD with an Exactive Orbitrap, a new optimization was
completed that focused on measuring

235

U and

238

U and the resulting isotope ratio. The

results of this optimization can be found in Chapter 2. While efforts were made to measure
the 234U isotope, the Exactive Orbitrap platform performs a noise deletion step making the
measurement of 234U impossible using the current setup. This noise deletion step is heavily
influenced by the presence of concomitant ions either from matrix or water related ions of
the general form (H2O)nH+. The effects of concomitant ions and means to mitigate these
effects are discussed in Chapter Three and Chapter Four. Finally, Chapter Five is a
culmination of the efforts exerted throughout this research and provides a preliminary
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benchmark for the LS-APGD against a TIMS instrument as well as two ICP instruments.
Ultimately, it will be shown that the LS-APGD is capable of measuring U samples with a
range of isotope ratios including a highly enriched U sample containing 80%

235

U

(235U/238U = 4.266922), with a total combined uncertainty of 0.04% for the measurement.
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Source Coupled to an Orbitrap Mass Analyzer” Edward D. Hoegg, Charles
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CHAPTER TWO
PRELIMINARY FIGURES OF MERIT FOR ISOTOPE RATIO MEASUREMENTS:
THE LIQUID SAMPLING-ATMOSPHERIC PRESSURE GLOW DISCHARGE
MICROPLASMA IONIZATION SOURCE COUPLED TO AN ORBITRAP MASS
ANALYZER
Introduction
An area of continuing intense interest has been the development of portable or
fieldable (man-portable, luggable, or transportable) analytical instrumentation. One
specific set of drivers for portable or fieldable analytical instrumentation are the needs of
the nuclear safeguards community for versatile, easy-to-use, in-field systems for
Determining the

235

U/238U IRs in UF6 at enrichment facilities.1-2 A potential future issue

arises from new, stricter shipping regulations concerning gaseous UF6 samples.3 An ideal
mass spectrometer system would require minimal consumables, low operational overhead
(power, cooling, water, etc.), produce little-to-no waste, require small sample amounts, be
amenable to different sample forms (solids, liquids, gases), useable by personnel who are
not mass spectrometry experts, and produce analytical results (accuracy and precision)
similar to laboratory-based techniques.
There have been significant size reductions in diverse segments of separation
sciences, mass spectrometry, optical spectroscopy, and sensor technologies.4-6 One area
that has not seen equivalent size reductions is the field of atomic spectroscopy, which still
relies heavily on standard inductively coupled plasma (ICP) sources for optical emission
spectroscopy and mass spectrometry. Despite the general activity in the field of
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microplasmas, including that of the electrolyte cathode discharge (ELCAD) presented by
Cserfalvi and improved by Hieftje (explored as a source for optical emission analysis),7-15
there has been no commercially accepted replacement of the ICP for use in the field of
elemental analysis and none in the portable arena.
With the ultimate goal of developing a field deployable mass spectrometer, the
liquid sampling-atmospheric pressure glow discharge (LS-APGD-MS) makes significant
strides in meeting the aforementioned goals. The normal operating parameters of the LSAPGD are gas flow rates of ≤1 L min–1, liquid flow rates of 5–40 μL min–1, and power
consumption of only 50 W. Further, the LS-APGD is run in total consumption mode when
operated correctly, which reduces waste streams to zero. Prior work out of the Marcus
group using the LS-APGD for mass spectrometry shows promise as a miniature ion
source.16-18 While other elemental/atomic ion sources are not suitable to analyze molecular
species due to excessive thermal dissociation, the LS-APGD source has also been shown
to be a viable ion source for organics by simple changing the electrolytic solution
makeup.19 Conversely, the atmospheric pressure chemical ionization (APCI) source, which
is itself a discharge-based device, is not applicable for elemental MS.20 In the case of the
APCI, the predominate ionization mechanism is a proton transfer reaction, whereas
ionization of atomic species in the ICP or LS-APGD plasmas is via electron ionization.
Furthermore, the LS-APGD has also been used as a secondary ion source for laser ablation
samples and as a desorption ionization source for organic samples.21-22 The work presented
here seeks to demonstrate that a LS-APGD microplasma source is a viable option for
isotope ratio mass spectrometry (IRMS). While the practical fields of use are still being
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developed for the LS-APGD, it is reasonable to question its potential applicability for
IRMS, as applied in the laboratory and in the field. While initial work on the development
of the LS-APGD has highlighted its versatility and defined its wide range of operating
parameters for quantitative elemental analysis, there has been no work done on
characterizing it as an ion source for IR analysis.
The initial demonstration of the LS-APGD as the first elemental microplasma
ionization source was done using a Thermo Scientific Exactive Orbitrap instrument at
EMSL/ PNNL.16 The LS-APGD was coupled to the instrument directly in the place of the
supplied electrospray ionization (ESI) source, with no modifications to the ion sampling
interface. In an effort to assess the IR performance of the microplasma source, it was logical
to first test this using a standard commercial quadrupole inductively coupled plasma (ICPMS) instrument. Unfortunately, the high pumping speed through the sampling orifice of
the standard ICP-MS resulted in the microplasma being sucked into the interface, striking
a discharge between the sampling and skimmer cones. As such, the derived mass spectra
were inconsistent, and yielded no analytically relevant signals for solution-phase analytes.
Ultimately, the skimmer cone was eroded, expanding (irregularly) by more than 50% of its
initial diameter, after just an hour of operation. Thus, a benefit for the use of the LS-APGD
is the sole ability to operate using standard AP interfaces found in organic MS systems,
which are much smaller and lower overhead interfaces than those for ICP-MS.
Unfortunately, this precluded the use of standard ICP-MS instruments to characterize the
IR performance of the LS-APGD source, and so the efforts turned back to the use of
Exactive Orbitrap instrument.
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Orbitrap instruments are most widely applied in the area of biomolecular mass
spectrometry,23-24 where they are used with ESI sources, to provide very high (m/Δm
>100,000) mass resolving powers with high mass accuracy. As stated above the Orbitrap
MS is not typically used for elemental IR analysis, but its standard configuration provides
a flexible sampling interface, including the coupling of the LS-APGD. Of course, the high
mass resolution provided by the Orbitrap is of interest for inter-element and molecular
species interference reduction, as demonstrated previously. Unfortunately there has been a
significant lack of research into using it as a mass analyzer for IRMS, and this is thus the
basis for this work. This particular coupling involves two large unknowns as there have
been no previous studies presented on the inherent capabilities of neither the microplasma
nor the mass analyzer system in IRMS. As such, the study could not answer the
independent questions explicitly, however the results that are presented show a promising
level of accuracy and precision. The results are especially surprising given the fact that
trapping mass spectrometers (of all forms) have largely been ignored in the field of isotope
analysis and give hope that such instruments may successfully be used in the future,
particularly in reduced footprint form.
Presented within are the results of a parametric optimization of the Orbitrap data
acquisition paramters (scan range, capillary collision energy, collision cell energy,
maximum ion injection time, and number of microscans per scan) and their roles in the
spectral composition and IR statistics. Accuracy, bias, and precision for the IR analysis of
uranium and other elements are reported. Uranium IR characteristics were determined for
natural-abundance, depleted, and enriched samples. While the precise IR capabilities of the
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analyzer and the microplasma cannot be dissected at this point, it is clear that the
combination of the LS-APGD and the Orbitrap MS itself generate figures of merit that are
quite respectable, with precisions of ~1.08% relative standard deviation (% RSD).
Experimental
The basic components of the LS-APGD ion source have been described previously
and are shown in Figure 1 [16–18]. The ion source consists of a anode that is made of a
metal electrode (SS, weldable feedthrough, MDC Vacuum Products,LLC, Hayward
California) that has a potential applied to it from a Glassman (High Bridge, NJ) Model EH
power supply (0- 100 mA, 0-1 kV) and a cathode. The cathode consists of an inner silica
capillary (280 μm i.d., 580 μm o.d., Restek

Figure 2.1: Diagrammatic representation of the components that make up the LS-APGD in a
configuration appropriate for mass spectrometric sampling
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Corporation, Bellefonte, PA, USA) that delivers the sample solution to the plasma
and an outer capillary (316 SS, 0.8 mm i.d., 1.6 mm o.d., IDEX Health and Science, Oak
Harbor, WA, USA) that delivers the helium gas which acts as a cooling/ sheath gas. The
cathode is grounded as depicted in Figure 1. All experiments were run under continuous
sample flow using an NE-1000 (New Era Pump Systems, Inc., Farmingdale, NY, USA)
syringe pump. As the LS-APGD requires that a feed solution be electrolytic in nature, all
solutions were prepared in aqueous 2% nitric acid. A 5 μg mL-1 natural-abundance U
solution was prepared to complete a parametric optimization of both the Exactive and the
LS-APGD. The natural U had an assumed

235

U/238U value of 0.00725. Three additional

solutions were prepared to evaluate and correct for isotopic mass bias; a 5 μg mL–1 sample
of enriched uranium standard (CRM U-030a; New Brunswick Laboratory, Chicago, IL,
USA) with a certified

235

U/238U value of 0.03093, a natural-abundance uranium standard

at 5 μg mL–1 (CRM-129a; New Brunswick Laboratory) with a certified 235U/238U value of
0.007258, and an in-housed determined 5 μg mL–1 of depleted uranium (235U/
238

U=0.00192).
Additional elements having different chemical reactivity and diverse isotopic

abundances were employed to gain insights into chemical and IR measurement issues. The
mass spectrometric characteristics and IR performance for Ag, Rb, Tl, Ce, Ba, Pb, and U
were evaluated using 5 μg mL–1 solutions. Isotopic analysis was performed using the
atomic ions for each of the elements except for U. As is well known from early work in
ICP-MS on Paul-type traps,25-26 atomic metal ions are quite reactive towards residual
atmospheric gases (particularly O2) in the trapping cell. The extent of oxide formation is a
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function of the metal ion’s native oxygen affinity. In the case of measuring U, the oxide
form UO2+ was utilized because little U+ or UO+ were detected, even after the system was
optimized. In the case of Ba, the Ba+/BaO+ was approximately unity. In that case, a cursory
comparison of the IR performance of the atomic and oxide ions surprisingly showed better
performance for the oxides than the atomic ions. This point is addressed subsequently with
reference to Table 2.
The Exactive Orbitrap located at the Environmental and Molecular Sciences
Laboratory (EMSL) of the Pacific Northwest National Laboratory (PNNL) was used
without any modification other than removing the standard electrospray/APCI source. The
Exactive was operated in the positive ion mode and was controlled using the Thermo
Xcalibur operating and data acquisition software. The insource collision induced
dissociation and the high-energy collisional dissociation (HCD) in the integrated HCD
cell/trap were used to obtain clean spectra and to reduce the number of interfering
molecular ions (principally H2O-related clusters). For this work, the Thermo software
package, Tune, defines the data collection as a series of micro scans and scans. A microscan
is the injection of ions into the Orbitrap for detection and the recording of that transient
signal. A scan is the average of a selectable number of microscans. Scans themselves can
be viewed independently or averaged again. Owing to the inherent variability from one
scan to the next, a minimum of 10 scans was averaged together, defined as one acquisition.
Data for the respective isotopes were processed as the integrated signals as this provided
better precision than peak heights. To complete the parametric optimization, three
acquisitions of 10 scans each made up a single data point.
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Results and Discussion
Previous LS-APGD efforts on this Orbitrap instrument and on the Thermo
Scientific LCQ Advantage Max at Clemson University resulted in similar dependencies
relative to the plasma operation conditions of solution feed rate, discharge current, and ion
sampling distance.18 Those works dealt specifically with the responses of atomic ions. As
noted above, the nature of the trapping process, first in the C-trap and then the Orbitrap
cell yields a much higher percentage of the dioxide (UO2+) cation for uranium. Therefore,
a cursory reevaluation of the plasma parameters relative to the yield of those species was
performed. As suggested above, under the supposition that the oxides are formed in the
mass analyzer, the initial plasma parameters were the same as those found for atomic ion
analysis; more atomic ions lead to greater amounts of oxides. Ultimately, the LS-APGD
was run at the following conditions throughout this effort: electrolyte (sample) flow= 30
μL min–1, He sheath gas flow= 0.5 L min–1, and a discharge current = 30 mA, equivalent
to the previous works.17-18 The parameters that were varied and optimized on the Orbitrap
were the Fourier transform (FT) digitization window, the ion accumulation time prior to
injection into the Orbitrap (termed injection time in the system software), the number of
averaged micro scans that are averaged, and the number of scans making up the spectral
data.

30

Use of Collisional Dissociation to Simplify Spectral Complexity
As will be described in the following section, one of the basic tenants of performing
high quality mass spectrometry wherein Fourier transform processing is applied (i.e.,
Fourier transform ion cyclotron resonance (FT-MS) and Orbitrap), is the minimization of
spectral components, the noise of which is distributed across the entire spectrum.27
Likewise, in all forms of trapping MS, sensitivity is limited when non-analyte ions make
up a large fraction of the ion population; limiting the number of analyte ions that can be
effectively trapped and analyzed (i.e., space charge effects).28-33 Finally, regardless of the
resolving power of the mass analyzer, it is always beneficial to remove species that simply

Figure 2.2: Illustration of the roles of (a) and (b) in-source collision energy and (c) and
(d) HCD collision energy on the spectral composition for 5 μg mL–1 solutions of uranyl
nitrate
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add spectral complexity. In the case of the LS-APGD microplasma, the unwanted matrix
species in question are principally water-related ions of the general form of (H2O)nH+.
The Exactive Orbitrap provides two avenues for removing water-related
background ions from the ion population that would eventually be injected from the C-trap
to the Orbitrap detection cell; in-source collision-induced dissociation (CID) at the exit of
the ion transfer capillary and transfer of the ions to the HCD cell for CID with helium gas
atoms. These two routes were investigated as means of reducing the prevalence of
undesirable background ions. Figure 2a and b illustrate the efficacy of in-source CID for
the standard case of no potential difference between the capillary end and the ion lens stack,
and the use of 50 eV accelerating potential for a 5 μg mL–1 U solution. As seen in Figure
2a (no CID), the resultant mass spectrum is dominated by water-related ions, though with
a strong signal representing the UO2+ ion. Use of 50 eV insource activation dramatically
reduces the prevalence of the background species (Figure 2b), but as would be expected,
has no appreciable effect on the signal intensity of the analyte species.
Activation in the HCD cell should affect the reduction of background molecular
ion ((H2O)nH+) interferents as well as more robust species. The utility of HCD is illustrated
in Figure 2c and d, for an example case of a pair of ions in the mass region of 267 Da. As
seen in Figure 2, the most prominent uranium-related ion is 238UO2+ at nominal mass 270
Da. Of course, that species should be paired with the same chemical form for 235U, nominal
mass 267 Da. The mass spectrum obtained for the 40 eV HCD energy presented in Figure
2c shows two distinct peaks. While the mass accuracy of the Exactive would allow ready
identification of the target ion, CID at an energy of 70 eV (Figure 2d) completely removes
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the higher intensity, lower mass peak with only the

238

UO2+ species remaining in that

spectral region. Important to note here as well, the intensity of that robust oxide species is
not diminished in the least in the HCD process. Based on a cursory evaluation of the two
CID approaches, all subsequent work was undertaken at an in-source CID energy of 50 eV
and an HCD set at 70 eV.
Role of Fourier Transform Digitization Window Width
One of the common attributes of Fourier transform processing is the distribution of
spectral noise across the entire spectrum.27 In simple terms, in the flicker-noise limit, it is
counterproductive to digitize signals/frequencies that are not of analytical relevance. For
example, the propagation of spectral noise is the limiting aspect in the use interferometry,
where Fourier transforms are used to extract spectral information, in the UV-VIS portions
of the electromagnetic spectrum. As a result, interferometry in ICP-OES can yield
incredible wavelength precision, but noise distributed across the spectrum results in poor
signal-to-noise characteristics.34-35 The design of the Exactive Orbitrap instrument allows
all ions above m/z = 50 to enter the storage C-trap, eventually to be injected in to the
Orbitrap cell. Figure 3 illustrates the role of mass/ frequency digitization window on the
mass spectral composition and ultimately the IR ratio values obtained for

235

U/238U

(measured as the di-oxide ions). As a demonstration of the ionic species that contribute to
the digitized mass spectra, Figure 3a presents the mass spectrum derived from processing
the frequencies corresponding to the mass range of 70–470 Da. Likewise, Figure 3b shows
the equivalent spectrum with the frequency range equating to 265–275 Da. In this case, the
dynamic range in the digitization yields a much higher analyte signal response. This

33

dynamic range extends to aspects relating to the 235U/238U IR, as the minor isotope is seen
on the latter presented scale. In fact, the dynamic range plays a role in the resulting IRs,
which changes dramatically as a function of the mass/frequency window as plotted in
Figure 3c. In the case of the broadest mass range, the resultant

235

U/238U ratio for this

natural-abundance uranium was 0.00582. However, when the mass range was narrowed to
10 Da, the measured

235

U/238U ratio increased to 0.00665, much closer to the accepted

value (0.00725).
Potential explanations for the differences in the measured ratios in the Orbitrap
might fall into two categories—space charge effects and the transient signal
digitization/processing. In the Exactive Orbitrap instrument used here, there is no way to

Figure 2.3: Illustration of the role of digitization window breadth on the product mass spectra for
the equivalent mass ranges of (a) 70–470 Da and (b) 265–275 Da, and (c) the product 235U/238U
ratios for 5 μg mL–1 solutions of uranyl nitrate

34

limit or mass-select the ions that enter the trap, and so space charge effects would be
consistent across these experiments. The second factor that could affect the measured
235

U/238U ratios revolves around the signal processing. As suggested in the previous

paragraph, there is a limited dynamic range within the digitization process inclusive of all
of the frequencies being sampled. Beyond this contribution, though, is a background
subtraction process that occurs automatically in the Tune operation module used to extract
the IRs. The criteria for this background correction are not available (nor controllable) to
the user. In terms of performing IRs for ions that differ intensity by more than 100× (as is
the case for 235U and 238U), any background subtraction will reduce the peak height/areas
of the lower intensity isotope to a greater extent (proportionally) by this automatic process.
With reference to the changes in the digitization window, wide mass ranges would be
expected to propagate more noise across the spectrum and, as such, results in greater
amounts of background subtraction. This greater influence is seen as the determined ratio
increases with decreasing mass/frequency window widths. As will be discussed further, the
influence of the automatic background correction is believed to play a key role in the
accuracy and precision of extreme IRs. These points made, the fact that replicate ratios
under the same conditions vary by ~1.08% RSD in all cases cannot be lost. Additionally,
the accuracy of the measured values is also quiet good considering no internal standards
are employed. As a result of these observations, all subsequent uranium IR data were
processed using a collection window of 10 Da (m/z 265–275).
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Roles of Ion Accumulation Time and Discharge Conditions
The potential deleterious effects of high ion densities in trapping-type mass
analyzers are well documented.28-33, 36 Space-charge effects due to overfilling of traps can
result in suppression of anticipated signal levels and corresponding intra-species ratios,
broadening in the mass/ frequency domains, and shifts in apparent ion masses. Thus, the
injection time into the C-trap, the number of microscans equating to one scan, and the role
of discharge conditions (controlling the ion introduction rate) were evaluated. The Exactive
Orbitrap employs a pre-scan function which, based on ion source output, sets the maximum
width of the ion injection time, referred to as automatic gain control. As such, the operator
actually only has control of the maximum injection time per microscan. In initial testing,
the injection time into the C-trap was limited by the system to 30–40 ms, even when the
maximum injection time was set to 1000 ms. The 235U/238U ratio for UO2 was recorded as
0.0068 when operating in this mode. It was found that reducing the sheath gas flow to the
LSAPGD from 1 L min–1 to 0.5 L min–1 resulted in increases in actual injection times and
increased

235

U/238U ratios, moving in a positive fashion to 0.00700. Decreasing the gas

flow any further resulted in melting the inner capillary. The primary effect of reducing the
gas flow is a relative lowering of the amount of water-related ions making up the mass
spectrum. Thus, the ions eventually injected in to the Orbitrap cell are predominately
analyte-related, and since the total number of ions is less, longer injection times can be
employed with relatively lower amounts of spectral noise to eventually be subtracted. As
discussed above, the large quantity of interfering ions limits the dynamic range of the
system and thus reduces the measured 235U/238U values. The ability to use longer injection
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times should also result in better precision via time-averaging. To be clear, though, there
is no evidence to this point that any of the typical space charge effects listed above (e.g.,
frequency shifts) are occurring in this LS-APGD-Orbitrap coupling.
The cumulative effects of the setting of the maximum injection time, the sheath gas
flow rate, and the number of microscans making up a scan are presented in Figure 4. A
complex set of relationships results, for which ambiguities about how the Exactive
processes the spectral data are important. When the maximum injection time is set to 10
ms and the number or micro scans is set to 1, the 235U/238U is depressed, with no appreciable
effect seen in terms of the gas flow. Significant scatter in the values is observed. Increasing
the number of microscans to 10 does improve the ratio with regards to the accepted value
of 0.00725, but still shows little gas flow rate dependence. In principle, increasing the
number of microscans averaged to equate to a single scan should not appreciably affect the
determined
perhaps

ratio,

but

improve

the

precision. Looking at the
raw data for the extracted
peak areas shows that these
values increase somewhat
as a function of the number
of microscans, though not
Figure 2.4: Roles of maximum injection time, number of proportionally. It is not at all
microscans composing a single scan, and the cooling/sheath
gas flow rate on the derived 235U/238U ratios for 5 μg mL–1 clear how this is the case; a
solutions of uranyl nitrate
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true averaging should yield the same nominal peak intensities, with a reduction in the
standard deviation of the background. Such an improvement may lower the count level of
background that is automatically subtracted; this would yield higher observed ratios as
discussed above. Furthermore, there is significant scatter in the data and no clear trend can
be seen.
When the maximum injection time is increased to 1000 ms, a very different set of
relationships is seen. In this data, the role of gas flow rate and the percentages of the spectra
that are made up of unwanted background ions become quite clear. As the relative amount
of background species is reduced with lower gas flow rates, the observed ratios increase.
This is in line with the role of digitization bandwidth; fewer background ions result in lower
amounts of background subtraction and subsequently higher IR values. The longer
maximum injection times in this case do as would be expected in terms of producing lower
variability. As in the case of the of the 10 ms injections, there is a slight increase in IR
values using 1000 microscans. These are attributed to lower amounts of background that
are automatically subtracted due to better averaging of background variations. Under these
conditions, the recorded 235U/238U trends towards the expected value of 0.00725.
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With a better appreciation of the potential influences of the water-related
background species on the IR characteristics, a closer look at the roles of discharge
conditions on producing those species was in order. The optimization of the liquid sample
flow rate and current was done while keeping the maximum injection time (1000 ms),
number of micro scans (10), and the sheath gas flow rate (0.5 L min–1) constant (though
they were varied initially to be sure that interdependences did not exist). As can be seen in
Figure 5, as the discharge current is increased from 20 to 40 mA, the IR increased; however,
the liquid flow rate had no appreciable impact on the

235

U/238U value. Across all of the

liquid flowrates and discharge currents, the LS-APGD operates in a total consumption
mode; that is, all of the electrolytic solution/ sample are vaporized. What changes
appreciably as the current increases, though, is the ability to vaporize the eluate and
desolvate (decluster) hydrated analyte ions. This set of trends is entirely consistent with the
more

detailed

evaluation

parametric
of

the

microplasma on the Paul-trap
instrument.18 To this end, as
seen in the previous sections,
the

235

U/238U ratio increases

as the amount of spectral
background

is

decreased.

Figure 2.5: Roles of discharge current and the electrolyte While the data presented in
(sample) solution flow rate on the derived 235U/238U ratios
Figure 6 suggests operation at
for 5 μg mL–1 solutions of uranyl nitrate
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conditions of 40 mA and 40 μL min–1, a current of 30 mA provided greater long-term
stability of the plasma, which was felt to be more important in general than a higher
accuracy.
235U/ 238U

Isotope Ratio Statistics

With the parametric optimization complete, the IR figures of merit of the LS-APGD
for natural, depleted, and enriched uranium were determined. The standard operating
conditions were gas flow=0.5 L min–1, discharge current= 30 mA, solution flow= 30 μL
min–1, maximum injection time=1000 ms, number of microscans=10, mass range =265–
275 Da. Much different from results using a Paul-trap, it was observed that the reported
235

U signal could vary significantly from run-to-run as the discharge was extinguished to

change solution feedstocks or from experimental session to session. For example, when the
plasma was turned off and then restarted, the signal intensity could vary significantly,
ranging from intensities
of 102 to 104 for the 235U
isotope even though there
was no change in the
concentration

of

the

solution. This observation
would

have

been

of

concern if the determined
Figure 2.6: Relationship between the 235U signal intensities ratio had been dependent
obtained for different analytical sessions and the derived
235 238
on the signal intensity.
U/ U ratios for 5 μg mL–1 solutions of uranyl nitrate
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However, when the 235U/238U ratio collected over a number of days to yield eight random
data points was plotted against the corresponding 235U intensities (Figure 6) there was no
appreciable change in the IR. In fact, the percentage relative standard deviation (% RSD)
for these eight data acquisitions was a surprisingly good 1.33%.
Looking at the cumulative results of the depleted, natural (CRM-129a) and enriched (U030a) uranium samples points to the situation where the influence of background
subtraction on low-abundance isotopes is seen. The results presented in Table 1 reflect 10
data sets, each composed of 10 acquisitions of 10 scans, with the sample solutions changed
in between each data set. In general, the intra-data sets showed lower standard deviations
than across the entire set; as would be expected. As might be expected, the imprecision of
the obtained values (%RSD) is the highest for the depleted sample (3.05% RSD),
improving to more or less equivalent values of 1.37% and 1.27% RSD for the samples
having higher

235

U fractions. It is clear from the tabulated data that the imprecision is

controlled by the measurement precision of the minor isotope samples. Indeed, the
precision values for the ratio are virtually identical to those of the 235U.

Table 2.1: Cumulative Isotope Ratio Statistics for Depleted, Natural Abundance, and
Enriched Uranium Certified Reference Materials. Results reflect 10 data sets composed of
10 acquisitions of 50 scans (10 microscans/scan) each. Sample solutions were exchanged
between each round of acquisitions
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Beyond the resultant IR precision statistics, the accuracy of the obtained values must be
analyzed relative to potential error/ biases. Deviations from expected IR values can be the
result of non-uniform recoveries in the sample processing steps, preferential
vaporization/ionization yields in the ion source, or differences in ion separation/detection
efficiencies in the mass spectrometry step.37 In the vast majority of elemental IR
measurements bias is typically the result of the non-uniformity mass spectrometer
throughput characteristics, with differences also attributable to the actual ionization source,
detection modality, and the specific type of mass analyzer.38-39 Correction (bias) factors
were determined using the certified CRM-129a and U-030a solutions, dividing the certified
ratiovalues by the experimentally determined values presented in Table 1. When this was
done, the correction factor for the CRM-129a sample is 1.0572, with the correction factor
for the enriched U-030a being 1.0499. In practice, the Orbitrap detection process (sensing
of image currents) for the two analytes (235UO2 and 238UO2), should be virtually identical
as the masses differ by only 3 Da. The bias from a value of unity seen here points in both
cases to an underestimation of the lower abundance isotope, likely due to contributions in
the background correction process.
IR Measurement Characteristics of Diverse Elements
The primary impetus for this effort was an assessment of the combined capabilities
of the LS-APGD microplasma, which is a candidate for transportable instrumentation, and
the Orbitrap, a mass analyzer that may hold great potential in elemental MS, for the
measurement uranium IRs. There are natural questions regarding what aspects of the results
are unique to the specific element. In order to evaluate the utility of the LS-APGD as an
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ion source for IRMS, Ag, Rb, Tl, Pb, Ba, and Ce were also studied using the same plasma
and MS data acquisition conditions used above. These elements represent a range of
potential IRs and tendencies to form oxides. Among this group of elements, Ag, Rb, and
Tl have virtually no tendency to form oxides and so the IR performance was based on
measurement of atomic ions. Pb, Ba, and Ce tend to yield higher oxide fractions. Based on
the relative M+/MO+ fractions, Pb was analyzed as the atomic ion, Ba was evaluated in
both atomic and oxide forms, and Ce (the strongest oxide former) was evaluated as the
monoxide ion. The IR characteristics were evaluated using the same MS protocol as in the
U studies with solution concentrations of 5 μg mL–1. Different from the uranium IR data
reported in Table 1, each element was evaluated using a single set of 10 acquisitions versus
10 sets of 10 acquisitions (i.e., 10× few data points).
As presented in Table 2, the IR performance for these elements correlates well with
the results reported for U. For those IRs having values of >0.5, the IR precision is generally
better than 0.5% RSD, with the precision for Tl being <0.1% RSD. These values are
considered to be quite good given the state of development of this instrumentation
coupling, and are certainly of sufficient quality to be of use in many trace element
applications. In each instance, the IR precision is severely degraded in cases were the minor
isotope is a very small relative composition to the major isotope. Using Pb as an example,
the IR precision for

206

Pb/208Pb and

207

Pb/208Pb have precision values of <0.25% RSD,

whereas 204Pb/208Pb, which has a ratio value of 0.0236, has a precision of 3.31%RSD. This
type of relationship is seen for all of the elements, with the eventual IR values
underestimated for each isotopic pair relative to the natural abundances. Thus, the
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correction factors have values of >1.0. Across the entirety of the isotopic suite, it can be
generally said that the correction values are much smaller in relative terms than are
common across ICP-MS (i.e., there is greater detection uniformity in the case of the
Orbitrap analyzer).38-39
As a final point of comparison, the respective IR performance for the atomic and
monoxide ion forms of Ba were evaluated. In this specific case, the ion signals for the
atomic and monoxide forms of the element are fairly equivalent (BaO+/Ba+ ≈ 1). As seen

Table 2.2: Isotope Ratio Statistics and Correction Factors for a Diverse Range of Elements.
Results reflect data sets composed of 10 acquisitions of 50 scans (10 microscans/scan)
each. Sample solutions were exchanged between each round of acquisitions. Expected IRs
reflect the assumption of natural abundance
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in Table 2, there is minimal difference in the derived IRs for specific isotope pairs in using
atomic or monoxide ion forms. Additionally, there is no significant difference in the
precisions observed in the given measurements. Although this is a reassuring phenomenon
in terms of performance, it is somewhat surprising as the formation of monoxide ions
(likely within the trapping steps) would be expected to show greater variability that the
single step of forming the atomic ions.
Conclusions
The coupling of the liquid sampling-atmospheric pressure glow discharge (LSAPGD) microplasma and the Exactive Orbitrap has been previously presented with respect
to multi-element analysis of aqueous solutions and laser ablation-produced particulates.1617, 21

The ultimate goal in this task’s work on the LS-APGD technique is to provide an

ionization source that facilitates portable or field-deployable mass spectrometry. To this
end, the IR must be initially determined and ultimately shown to be relevant to the
challenges at the application at hand. Ideally, those characteristics could be evaluated on
mass analyzer systems of known IR performance. In the absence of such instruments, we
describe here the initial characterization on the Orbitrap platform. To date, no detailed
analysis of IR performance has been reported. As such, the efforts here look to assess the
combined performance in hopes of gaining insight into how both components could be
employed in IR mass spectrometry.
At this point, the IR performance observed to date for this combination of ion
source and mass analyzer is very encouraging. The key aspects of LS-APGD operation to
yield sensitive mass spectroscopic elemental analysis were confirmed. Of greater relevance
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was the derivation of Orbitrap operation parameters that yield greater spectral clarity and
lower amounts of spectral noise that can be propagated across the product mass spectrum.
The quantitative aspects presented in Tables 1 and 2 bode well for the target application of
the microplasma for field-deployable isotopic analysis. Moving forward, a far greater level
of understanding of the background subtraction methods utilized in the Exactive operating
system is needed. In addition, methods of precluding entry of unwanted ions from the
Orbitrap cell are a logical step towards improving performance. As these points are
addressed, focus will turn to any limitations imposed by the microplasma that can be
assessed.
Acknowledgments
Reprinted by permission from Springer Nature, Journal of The American Society
for Mass Spectrometry, Preliminary Figures of Merit for Isotope Ratio Measurements: The
Liquid Sampling-Atmospheric Pressure Glow Discharge Microplasma Ionization Source
Coupled to an Orbitrap Mass Analyzer, Edward D. Hoegg, Charles J. Barinaga, George J.
Hager, Garret L. Hart, David W. Koppenaal, and R. Kenneth Marcus, 2016. This research
was supported in part by the U.S. National Nuclear Security Administration Office of
Nonproliferation and Arms Control (NA-24) within the U.S. Department of Energy under
Contract DE-AC05-76RL01830. PNNL is a multi-program national laboratory operated by
Battelle for the U.S. Department of Energy. The Exactive MS capability was provided by
the W. R. Wiley Environmental Molecular Science Laboratory, a national scientific user
facility sponsored by the U.S. Department of Energy’s Office of Biological and
Environmental Research (BER) program. Funding for this work (to E.D.H.) was provided

46

by the U.S. National Nuclear Security Administration’s (NNSA) Office of International
Nuclear Safeguards and the Next Generation Safeguards Initiative. Support for Clemson
University activities from the Defense Threat Reduction Agency, Basic Research Award #
HDTRA1- 14-1-0010 is also acknowledged.

47

REFERENCES
1.

Cristallini, O., Esteban, A., Gautier, E., Machado da Silva, L., Fernández;

Moreno, S., Renha, G. Jr., Bonino, A., Almeida, S., Pereira de Oliveira O.; Jr., L., C.,
Pardo, L., Dias, F., Galdoz, E., Amaraggi, D., Mason, P., Qualification for Safeguards of
the Sampling of UF6 using Alumina – BABACC‐Cristallini Method^ – Progress
Achieved. . Proceedings of the 56th Meeting of the Institute of Nuclear Materials
Management 2015.
2.

Anheier, N. C. In A Laser-Based Method for Onsite Analysis of UF6 and

Environmental Samples at Enrichment Plants., Proceedings of the Symposium on
International Safeguards: Linking Strategy, Implementation, and People – IAEA CN-220,
Vienna, October 20-24; Vienna, 2014.
3.

Regulations for the Safe Transport of Radioactive Material. International Atomic

Energy Agency: Vienna, Austria, 2012; Vol. Specific Safety Requirements No. SSR-6.
4.

Rios, A.; Escarpa, A.; Simonet, B., Miniaturization of Analytical Systems:

Principles, Designs and Applications. John Wiley & Sons Ltd: Chichester, 2009.
5.

Gac, S. l.; Berg, A. v. d., Miniaturization and Mass Spectrometry. The Royal

Society of Chemistry: Cambridge, 2008.
6.

McMahon, G., Analytical Instrumentation: A Guide to Laboratory, Portable and

Miniaturized Instruments. John Wiley & Sons, Ltd: 2007.
7.

Karanassios, V., Microplasmas for chemical analysis: analytical tools or research

toys? Spectrochimica Acta Part B-Atomic Spectroscopy 2004, 59 (7), 909-928.

48

8.

Gianchandani, Y. B.; Wright, S. A.; Eun, C. K.; Wilson, C. G.; Mitra, B.,

Exploring microdischarges for portable sensing applications. Analytical and
Bioanalytical Chemistry 2009, 395 (3), 559-575.
9.

Mezei, P.; Cserfalvi, T.; Janossy, M.; Szocs, K.; Kim, H. J., Similarity laws for

glow discharges with cathodes of metal and an electrolyte. Journal of Physics D-Applied
Physics 1998, 31 (20), 2818-2825.
10.

Miclea, M.; Franzke, J., Analytical detectors based on microplasma spectrometry.

Plasma Chemistry and Plasma Processing 2007, 27 (2), 205-224.
11.

Venzie, J. L.; Marcus, R. K., Micro-scale analytical plasmas for liquid

chromatography detection. Analytical and Bioanalytical Chemistry 2005, 381 (1), 96-98.
12.

Webb, M. R.; Hieftje, G. M., Spectrochemical Analysis by Using Discharge

Devices with Solution Electrodes. Analytical Chemistry 2009, 81 (3), 862-867.
13.

Cserfalvi, T.; Mezei, P., DIRECT SOLUTION ANALYSIS BY GLOW-

DISCHARGE - ELECTROLYTE-CATHODE DISCHARGE SPECTROMETRY.
Journal of Analytical Atomic Spectrometry 1994, 9 (3), 345-349.
14.

Kim, H. J.; Lee, J. H.; Kim, M. Y.; Cserfalvi, T.; Mezei, P., Development of

open-air type electrolyle-as-cathode glow discharge-atomic emission spectrometry for
determination of trace metals in water. Spectrochimica Acta Part B-Atomic Spectroscopy
2000, 55 (7), 823-831.
15.

Marcus, R. K.; Davis, W. C., An atmospheric pressure glow discharge optical

emission source for the direct sampling of liquid media. Analytical Chemistry 2001, 73
(13), 2903-2910.

49

16.

Marcus, R. K.; Quarles, C. D.; Barinaga, C. J.; Carado, A. J.; Koppenaal, D. W.,

Liquid Sampling-Atmospheric Pressure Glow Discharge Ionization Source for Elemental
Mass Spectrometry. Analytical Chemistry 2011, 83 (7), 2425-2429.
17.

Quarles, C. D.; Carado, A. J.; Barinaga, C. J.; Koppenaal, D. W.; Marcus, R. K.,

Liquid sampling-atmospheric pressure glow discharge (LS-APGD) ionization source for
elemental mass spectrometry: preliminary parametric evaluation and figures of merit.
Analytical and Bioanalytical Chemistry 2012, 402 (1), 261-268.
18.

Zhang, L. X.; Manard, B. T.; Kappel, S. K.; Marcus, R. K., Evaluation of the

operating parameters of the liquid sampling-atmospheric pressure glow discharge (LSAPGD) ionization source for elemental mass spectrometry. Analytical and Bioanalytical
Chemistry 2014, 406 (29), 7497-7509.
19.

Zhang, L. X.; Marcus, R. K., Mass spectra of diverse organic species utilizing the

liquid sampling-atmospheric pressure glow discharge (LS-APGD) microplasma
ionization source. J. Anal. Atom. Spectrom. 2016, 31 (1), 145-151.
20.

Bruins, A. P., Atmospheric-pressure-ionization mass spectrometry: I.

Instrumentation and ionization techniques. Trac-Trend. Anal. Chem. 1994, 13 (1), 37-43.
21.

Carado, A. J.; Quarles, C. D.; Duffin, A. M.; Barinaga, C. J.; Russo, R. E.;

Marcus, R. K.; Eiden, G. C.; Koppenaal, D. W., Femtosecond laser ablation particle
introduction to a liquid sampling-atmospheric pressure glow discharge ionization source.
Journal of Analytical Atomic Spectrometry 2012, 27 (3), 385-389.
22.

Marcus, R. K.; Burdette, C. Q.; Manard, B. T.; Zhang, L. X., Ambient

desorption/ionization mass spectrometry using a liquid sampling-atmospheric glow

50

discharge (LS-APGD) ionization source. Analytical and Bioanalytical Chemistry 2013,
405 (25), 8171-8184.
23.

Scigelova, M.; Makarov, A., Orbitrap mass analyzer--overview and applications

in proteomics. Proteomics 2006, 6 Suppl 2, 16-21.
24.

Eliuk, S.; Makarov, A., Evolution of Orbitrap Mass Spectrometry

Instrumentation. Annual Review of Analytical Chemistry, Vol 8 2015, 8, 61-80.
25.

Koppenaal, D. W.; Barinaga, C. J.; Smith, M. R., Performance of an inductively

coupled plasma source ion trap mass spectrometer. Journal of Analytical Atomic
Spectrometry 1994, 9 (9), 1053-1058.
26.

Barinaga, C. J.; Koppenaal, D. W.; McLuckey, S. A., Ion-trap mass spectrometry

with an inductively coupled plasma source. Rapid Communications in Mass Spectrometry
1994, 8 (1), 71-76.
27.

Marshall, A., G.; Verdun, F. R., Fourier Transforms in NMR, Optical, and Mass

Spectrometry. Elsevier Science Publishers B.V.: 1990; p 450.
28.

March, R. E.; Hughes, R. J.; Todd, J. F. J., Quadrupole Storage Mass

Spectrometry. Wiley-Interscience: New York, 1989.
29.

Cox, K. A.; Cleven, C. D.; Cooks, R. G., Mass Shifts and Local Space-Charge

Effects Observed in the Quadrupole Ion-Trap at Higher Resolution. Int. J. Mass
Spectrom. 1995, 144 (1-2), 47-65.
30.

Han, S. J.; Shin, S. K., Space-charge effects on Fourier transform ion cyclotron

resonance signals: Experimental observations and three-dimensional trajectory

51

simulations. Journal of the American Society for Mass Spectrometry 1997, 8 (4), 319326.
31.

Wong, R. L.; Amster, I. J., Experimental evidence for space-charge effects

between ions of the same mass-to-charge in Fourier-transform ion cyclotron resonance
mass spectrometry. Int. J. Mass Spectrom. 2007, 265 (2-3), 99-105.
32.

Uechi, G. T.; Dunbar, R. C., SPACE-CHARGE EFFECTS ON RELATIVE

PEAK HEIGHTS IN FOURIER TRANSFORM-ION CYCLOTRON-RESONANCE
SPECTRA. Journal of the American Society for Mass Spectrometry 1992, 3 (7), 734-741.
33.

Kharchenko, A.; Vladimirov, G.; Heeren, R. M. A.; Nikolaev, E. N., Performance

of Orbitrap Mass Analyzer at Various Space Charge and Non-Ideal Field Conditions:
Simulation Approach. Journal of The American Society for Mass Spectrometry 2012, 23
(5), 977-987.
34.

van Veen, E. H.; de Loos-Vollebregt, M. T. C., Application of mathematical

procedures to background correction and multivariate analysis in inductively coupled
plasma-optical emission spectrometry. Spectrochimica Acta Part B: Atomic Spectroscopy
1998, 53 (5), 639-669.
35.

Travis, J. C.; Winchester, M. R.; Salit, M. L.; Wythoff, B. J.; Scheeline, A.,

UV/visible Fourier transform spectroscopy using an inductively-coupled plasma: dualchannel noise cancellation. Spectrochimica Acta Part B: Atomic Spectroscopy 1993, 48
(5), 691-709.
36.

Zubarev, R. A.; Makarov, A., Orbitrap Mass Spectrometry. Analytical Chemistry

2013, 85 (11), 5288-5296.

52

37.

Adams, F.; Gijbels, R.; Grieken, R., Inorganic mass spectrometry. John Wiley

and Sons: New York, 1988.
38.

Fiedler, R., Total evaporation measurements: experience with multi-collector

instruments and a thermal ionization quadrupole mass spectrometer. Int. J. Mass
Spectrom. 1995, 146-147, 91-97.
39.

Cheng, H.; Lawrence Edwards, R.; Shen, C.-C.; Polyak, V. J.; Asmerom, Y.;

Woodhead, J.; Hellstrom, J.; Wang, Y.; Kong, X.; Spötl, C.; Wang, X.; Calvin
Alexander, E., Improvements in 230Th dating, 230Th and 234U half-life values, and U–
Th isotopic measurements by multi-collector inductively coupled plasma mass
spectrometry. Earth Planet. Sc. Lett. 2013, 371-372, 82-91.

53

CHAPTER THREE
ISOTOPE RATIO CHARACTERISTICS AND SENSITIVITY FOR
URANIUM DETERMINATIONS USING A LIQUID SAMPLINGATMOSPHERIC
PRESSURE GLOW DISCHARGE ION SOURCE
COUPLED TO AN ORBITRAP MASS ANALYZER
INTRODUCTION
There have been numerous advances over the last few decades regarding
miniaturization in the fields of separation sciences, mass spectrometry, optical
spectroscopy and sensor technologies.1-3 The need for field-deployable mass spectrometers
that have sufficiently low power needs, require minimal amounts of consumables and
sample prep, and little to no waste continues to drive research in the field of miniature mass
spectrometers and in the development of new ionization sources.4-6 To date, the successes
in this area have been isolated to methods of identifying organic species. Drivers in the
development of portable elemental/isotopic mass spectrometers are the agencies around
the world that are responsible for monitoring nuclear nonproliferation and maintaining
nuclear safeguards.7 In addition to meeting the requirements of being field-deployable,
these agencies have target guidelines on the reproducibility of results. For example, the
International Atomic Energy Agency has set the International Target Values for natural U
uncertainty at 0.28% RSD for destructive analysis.8
While inductively-coupled plasma- (ICP) and thermal ionization- (TI) MS are the
gold standards in regards to laboratory based isotope ratio (IR) measurements, there are no
commercially accepted alternatives for field-based measurements. Efforts by a number of
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groups are focused towards developing glow discharge (GD) sources as low-overhead
excitation/ionization sources.9-15 Marcus and co-workers developed the liquid samplingatmospheric pressure glow discharge (LS-APGD) microplasma as a candidate for
simplified laboratory and fideld deployment applications.13 The normal operating
parameters of the LS-APGD include liquid electrolyte (sample) flow rates of 5–100 mL
min-1, gas flow rates of <1 L min-1, and power consumption of <40 W, which are practically
relevant parameters with regards to field-deployable spectrochemical sources.13, 16-17 While
initial efforts focused on the optical emission spectroscopy (OES) mode of detection, MS
sampling has been affected on Orbitrap18-19 and quadrupole ion trap20-21 analyzers. In terms
of elemental analysis, operation on both of these platforms yields analytical performance
(limits of detection, oxide fractions, etc.) that are on par with first-generation ICP-MS
systems.
With the goal of providing sensitive elemental/isotopic analysis in the
nonproliferation arena, an initial evaluation of the potential of the LS-APGD to deliver
high-quality isotope ratio (IR) performance was undertaken on a high resolution (m/Δm >
100,000) Orbitrap platform.22 The simplicity of the LS-APGD sampling, including low gas
volumes, temperatures, and kinetic energies bodes well for continued development of the
LS-APGD with regards to elemental/isotopic analysis, both in the laboratory and deployed
in the field. Interfacing the microplasma to a wide array of commercial mass analyzers is
possible, more so than other “elemental” sources. The device functions well when sampled
through atmospheric pressure ionization interfaces common to organic MS, such as
employed for electrospray (ESI) and atmospheric pressure chemical ionization (APCI)
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sources. There are a number of good reasons to employ high performance “organic” mass
analyzers in elemental/isotopic analysis. Koppenaal and co-workers have demonstrated the
potential benefits of sampling ICP sources with Fourier transform-ion cyclotron resonance
(FT-ICR) instruments in terms of achieving exceedingly high mass resolution.22-23
Additionally, three-dimensional (Paul-type) traps are of great relevance in terms of
operation in the field.4 Koppenaal likewise interfaced ICPs to those instruments, eventually
finding that gas-phase chemistry within the trap provided both advantages and certain
limitations.24-25 Significantly, that and preceding work26-27 led to the current widespread
use of collision/ reaction cells prior to quadrupole mass analyzers in ICPMS.28-29
Ultimately, neither the FT-ICR nor the Paul trap has been rigorously evaluated with regards
to IRMS analysis.
The initial studies of the LS-APGD-Orbitrap coupling for IRMS30 re-affirmed
parametric trends in the performance the LS-APGD source found in previous Orbitrap and
ion trap efforts. Isotope ratio performance characterization included a range of elements,
with a primary focus on uranium determinations. The roles of some of the key features of
the Orbitrap operation and how they affect spectral quality and IR metrics were evaluated.
In-source collision-induced dissociation (CID) and higher energy collisional dissociation
(HCD) greatly reduced the spectral complexity. Even so, the presence of background ions
led to poor accuracy due to the way in which the Orbitrap spectra are processed. Practical
approaches to improving IR performance in the future were presented. Ultimately, very
promising IR precision values, ranging from 0.1–3% RSD, were achieved, determined
predominately by the difference in magnitude of the respective isotopes being measured.30
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Presented here are results from the continued evaluation of the combination of the
LS-APGD ionization source and an Orbitrap mass analyzer for IRMS analysis. The initial
studies of this coupling clearly pointed to the need to limit the mass range of ions entering
the Orbitrap analyzer (via some form of preselection),30 but many fundamental questions
remain to be answered. We address here the relationship between the number of
measurements (n) and the resulting precision, the roles of analyte concentration and matrix
ion contributions, and the potential analytical sensitivity of the system. The desire for high
ion signals (which improve precision based on counting statistics) may be expected to
conflict with potential space charge effects in the trap at high ion densities. Focus on the
performance of U IR measurements is continued. Lessons learned, in combination with the
initial efforts, provide confidence in the potential applicability of the LS-APGD-Orbitrap
combination in the laboratory setting, and also provide insights into what might be
expected in the field implementation of the microplasma on Paul-type analyzers.
Experimental
The LS-APGD ionization source components and MS system have previously been
described and are shown in Fig. 1.18 The ion source takes the form of a diode configuration.
The anode is a weldable stainless-steel feedthrough (MDC Vacuum Products, LLC,
Hayward California) that has a potential applied from a Glassman (High Bridge, NJ) Model
EH power supply (0–100 mA, 0–1 kV). The cathode (held at ground potential) consists of
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and an outer capillary (316 stainless steel, 0.8 mm i.d., 1.6 mm o.d., IDEX Health and
Science, Oak Harbor, WA, USA) that delivers the cooling helium sheath gas. Experiments
were run using two syringe pumps, a NE-1000 (New Era Pump Systems, Inc., Farmingdale,
NY, USA) and a Fusion 100T (Chemyx, Stafford, TX, USA), set in parallel, with a sixport Rheodyne 7125 injection valve used to switch between the flows. The NE-1000 pump
was loaded with the standard 2% nitric acid (HNO3) plasma feed solution, and the Fusion
100T pump was loaded with sample-containing solution made up in 2% HNO3. Based on
previous studies with this system,30 the microplasma operation conditions were held
constant throughout these experiments: solution flow rate = 30 mL min-1, discharge current
= 30 mA, and a He plasma sheath gas flow rate = 0.5 L min-1.
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The Exactive Orbitrap was used without any modification other than removing the
standard ESI/APCI source and housing. The instrument was operated in the positive ion
mode under control of the Thermo Xcalibur operating and data acquisition software. A key
aspect in the use of trapping-type analyzers is the avoidance of high ion densities within
the device, leading to a variety of space charge effects. The Orbitrap incorporates the
concept of automatic gain control (AGC), affecting a low-resolution pre-scan to set the
maximum ion injection time into the trap without sacrifice to the analyzer performance.
This is a factory-set function. The operator has access to setting the maximum injection
time prior to the onset of the AGC-limiting event, but the exact time that ions are introduced
is set by the AGC function.
As the ion injection time is not independently controllable, data sets were
parameterized as a function of the number of acquisitions under each set of experimental
conditions, composed of a fixed number of scans, each such scan being composed of a set
number of microscans. Each microscan represents the injection of an ion packet from the
c-trap into the Orbitrap cell, and a single transient (signal as a function of time) acquired
for those ions. Such a transient can be Fourier transform-processed (signal as a function of
time is converted to frequency space) to represent a single microscan. A plot of intensity
as a function of ion Orbitrap frequency can be directly converted to a mass spectrum. In
the case of multiple microscans making up a scan, the individual transients are averaged in
the time domain, and then a Fourier transform performed to obtain the composite mass
spectrum. In this way, the use of multiple microscans bears some analogy to increasing the
integration time of the measurements. Data sets (termed “acquisitions” here) composed of
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multiple scans are computed as the average of the individual mass spectra. Based on
previous work,30 the maximum ion injection time (in the absence of AGC override) was
set to 1000 msec. All spectral data were processed in the form of integrated peak area
intensities for each isotope rather than peak heights as this approach was found to be far
more precise and accurate.22
As described in Hoegg et al.,30 the presence of excess, non-analyte ions in the
Orbitrap cell not only contributes unnecessary spectral complexity, but also effects the
noise distribution across the entire spectrum31 and the magnitude of the automatic
background correction. Therefore, both of the available approaches to collision-induced
dissociation (CID) were applied throughout these studies to reduce background ions. To
minimize the overall proliferation of water clusters in the spectrum, the in-source collision
energy was set at 50 eV. Likewise, the extent of water-containing polyatomic interferences
can be reduced relative to analyte-related species by use of an HCD energy of 70 eV to
affect CID. In all cases, the di-oxide cation (UO2+) is used as the monitored species in the
LS-APGD mass spectra. As discussed previously,30 this is a direct function of the strong
oxygen affinity of U+ for latent O2 in the c-trap environment. Specifically, the dioxide
signal intensities (235U16O2+ and 238U16O2+) are employed to represent the responses of the
elemental isotopic species, which are also present, albeit in much lower intensities.
All solutions were prepared in aqueous 2% HNO3 as the electrolyte/mobile phase.
A 5 µg mL-1 natural abundance U solution, was used in all of the characterization studies
as well as to make calibration solutions. A natural 235U/238U value of 0.0072 was assumed
for these standard solutions. A solution containing Pb, Tl, Cs, Rb and Ag at 500 ng mL-1
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each was used in order to assess the U isotope ratio performance in the presence of matrix
ions. Additionally, a 5 µg mL-1 equivalent [U] solution of a certified reference material,
CRM-129a (New Brunswick Laboratory, Chicago, IL) having a certified

235

U/238U value

of 0.007258 was used to determine a mass bias correction factor.
Results and Discussion
Relationship between the number of microscans/scans and 235U/238U precision
A key issue in any analytical determination is the number of replicate
measurements (analogous to integration time with continuous measurements) required to
attain the target level of certainty (precision). This number sets the lower limits of analysis
time, and in the case of Poisson statistics, is related to the observed signal levels and analyte

Figure 3.2: 235U/238U measurement precision (% RSD) as a function of the number of
microscans making up each scan. [U] = 5 µg mL-1, solution flow rate = 30 mL min-1,
discharge current = 30 mA.
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concentration. In the case of IR measurement on the Orbitrap, the data acquisition is based
on individual injections of ion packets from the c-trap to the Orbitrap, where the signal
transients are recorded. Each such event is termed a microscan. The Xcalibur data system
allows the user to define the number of microscans (1, 2, 3, 4, 5, or 10) making up a scan,
comprising the product mass spectra.
Fig. 2 depicts the measurement precision as a function of the number of microscans
per scan and the number of scans per acquisition, with the precision of the corresponding
235

U/238U ratio (assumed to be 0.0072) computed on a continuous basis as each scan is

added. In these measurements, the IR is calculated for each individual scan and the new,
rolling % RSD computed. As the number of microscans making up a scan increases
(reading top-to-bottom), the precision improves. Likewise, increasing the number of scans
making up a data set (reading left-to-right) improves the precision. The improvement in
precision can be rationalized in two ways. First, looking at the lowest number of scans, the
role of the number of microscans is clear. The lowest number of microscans (two scans of
one microscan each) results in IRs having a difference of 20.96% RSD. Comparison to the
data for two scans of ten microscans each, shows a large improvement in precision (6.59%
RSD). Broken down on the basis of the total number of microscans, 2 versus 20, one would
expect an improvement of 3.2 X (101/2) between the two data sets, which is precisely what
is observed. The same general trend is observed within each number of cumulative scans
composed of 1, 5, and 10 microscans. Not consistent with expectations based on Poisson
statistics is the lack of n1/2 improvement across the suite of scan numbers composed of the
same number of microscans. In this case, increasing the number of scans by 5X (from 2-
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to-10 scans), should reduce the % RSD by a factor of 2.2 (45% reduction) across the board.
For the single microscan scans, the improvement is only an 32% (relative) lowering, while
for the ten microscan scans, the improvement is 42% (relative), which better approximates
the expected 45% improvement. Thus, an obvious path forward to improved precision
would include scans composed of more microscans, and indeed more scans making up the
entire acquisition up to the point where no statistical advantage is realized. Unfortunately,
the Xcalibur system does allow the use of more than 10 microscans per scan, and so the
only path forward is to increase the total number of averaged scans. Such an approach may
eventually be limited by the microplasma's temporal stability/drift.

Figure 3.3: 235U/238U measurement precision (% RSD) as a function of the number of scans
making up each full acquisition. Each scan composed of 10 microscans. [U] = 5 µg mL-1,
solution flow rate = 30 mL min-1, discharge current = 30 mA
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A practical assessment of the IR precision measurement, as used previously,30 is to
calculate the IR across 100 scans (10microscans each) once they have been averaged
together by the system's Tune software and to count that as a single data point. Based on a
syringe capacity of 5 mL, a maximum of 6 acquisitions, consisting of 100 scans (10
microscans) each, could be performed with the same syringe volume. Fig. 3 depicts the
derived measurement precision for the case of 6 data acquisitions composed of an
increasing number of scans (10, 20, 25, 50 and 100 scans). As can be seen, the precision
follows the expected trend of improving almost exactly as n1/2 (an x-0.5 fit yields R2 = 0.96)
up to the maximum number of scans (100) making up the data set. In the case of the highest
number of total scans, an IR precision of 0.41% RSD for the natural-abundance 235U/238U
is realized. Though it cannot be said that it is the number of microscans per scan or the
Table 3.1: 235U/238U measurement statistics of 10 analytical number of scans which is
sessions. Each session was made up of 10 acquisitions
consisting of 50 scans each containing 10 microscans. [U] = 5 limiting. This level of
µg ml-1, solution flow rate = 30 mL min-1, discharge current =
precision
is
much30 mA.
improved over the 1.37%
RSD

for

natural

abundance uranium in
the previous report,30 and
now matches those of
other
having
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tested

elements

absolute

IR

values much closer to unity than the 235U/238U pair here.
In an effort to determine the reproducibility of the LS-APGD–Orbitrap system over
several separate analyses, the natural U sample was analyzed over 10 separate analytical
sessions. For this study, each analytical session was separated by the LSAPGD being
completely turned off and allowed to cool and the stock solution replenished. Due to
restraints imposed by the syringe volume and the desire to employ 10 acquisitions per
analytical session, the number of scans per acquisition was decreased to 50. The resulting
natural-abundance 235U/238U IR data for each of the 10 analytical sessions is presented in
Table 1. On an individual basis, the precision values obtained across each session range
between 0.41 and 1.66% RSD, with average intra-session precision of 1% RSD; a
reflection of the system drift, though whether the major factor lies within the ion source or
the mass analyzer is not known at this point. Conversely, the composite variance across the
entire 5000 scans, inclusive of system shutdowns, is 1.63% RSD, signaling that there is
some variability in the LS-APGD each time the system is re-initiated. Certainly, a more
detailed analysis of the sources of variation (source or analyzer) is required to better
understand this data and to achieve better sample-to-sample precision. Specifically, studies
that focus on the drift in the ion source are needed, correlating variations in plasma
electrical characteristics and the measured beam intensity.
While these IR precisions are promising, the accuracy of the method is also an
important characteristic. The U solution used in this experiment was assumed to be natural
U (235U/238U = 0.0072). As presented in Table 1, the average

235

U/238U measured during

these experiments was 0.007032. In many respects, the agreement of these values is good,
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showing apparent low mass bias (~2.3%) for this system. To get an accurate account of the
mass bias of this system on the 235U/238U value, a certified reference material, CRM-129a,
of known isotopic composition was analyzed. That material has a certified 235U/238U value
of 0.007258, with the LS-APGD–Orbitrap yielding a measured value of 0.006865. To
correct for the negative bias, a correction factor of 1.0572 can be applied in quantitative
measurements of the uranium isotopic pair, a value much closer to unity than found in
many beam-type instruments.30, 32-33 In those cases, mass-based differences in throughput
and detector response contribute to measurement bias. Application of the mass bias
correction to the data in Table 1 yields an average value of 0.007434, which is slightly
higher than the assumed value, but within the range that is typical of common uranium
sources.8 To be clear, the present experiment is a worst case scenario, as mass bias
measurements would typically be performed immediately before or after the analytical
determination, without re-igniting the ionization source.
Sensitivity of 235U/238U IR accuracy to uranium concentration/ signal intensity
As described previously, the Xcalibur software system performs an automatic
background correction to the product mass spectra prior to display and quantitative
reporting. This particular function is not transparent to the operator, nor can it be modified.
Ultimately, a background value of “0” is reported across the entire mass range. As is well
known across all Fourier transform processing applications, the spectral noise across the
digitization window is propagated across the entire spectrum.31 This is the reason that UVVIS interferometry is not practical in the ICP-OES arena where shot noise is limiting,34 but
is perfectly suitable in the infrared spectral region. The contributions of noise across the
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Figure 3.4: (a) Graphic illustration of the automatic
background subtraction method employed to 235UO2+ and windows inclusive of higher
238
UO2+ signals. (b) Measured 235U/238U values as a
function of the total uranium concentration in the test levels of ion signals and
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235

U isotope versus

238

U. As such,

235

U/238U values computed for wide spectral windows or otherwise high

background levels are depressed versus the expected values.29
The potential deleterious effects of the automatic background correction on the
determined 235U/238U values are illustrated in Fig. 4b. Clearly seen is the fact that the ratios
obtained for total uranium concentrations of <400 ng mL-1 are particularly depressed
relative to the expected value, leveling at higher concentrations. As illustrated in Fig. 4a,
even if the amount of spectral background were constant across each of the spectra of the
different concentrations, the proportional amount subtracted from the minor 235U intensity
is far greater than the 238U isotope which has a 100X greater signal intensity. Specifically,
the relative proportion of the background value subtracted from the integrated 235U signal
decreases from13% at the lowest concentration, to 3% for the concentrations above 400 ng
mL-1; thus the increase in the IR values. As would be expected, the magnitude of the
background increases as the total uranium concentration increases above this value, due to
greater amounts of distributed noise from the analyte itself. Overall, this relationship is a
direct effect of the on-board background subtraction method, access to the raw massdomain data and allowing more directed background corrections to be applied to the
isotopic signals would likely alleviate this limitation.
Spectral matrix effects and Fourier transform digitization window
The presence of any ions other than the analytes of interests pose challenges in the
Orbitrap analyzer. Whether the difficulties are due to space charge limitations or the
propagation of noise/background throughout the spectrum, the accuracy and precision of
IR measurements are affected. The total number of ions is controlled by the range of ion
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masses injected from the c-trap to the Orbitrap analyzer and their abundance. The Orbitrap
mass spectrometer used in these experiments has no mass pre-filter other than a high pass
filter octapole used to remove masses below 50 Da, typically related to ESI-MS solvent
ions. This means that all of the ions generated by the source above m/z = 50 are injected
into the Orbitrap. Overall, these issues can be considered matrix effects of the method.
Other Orbitrap MS systems incorporate linear ion traps or pre-quadrupoles that could be
used to selectively pass analyte ions into the Orbitrap MS analyzer, and such systems would
thus be expected to perform better for IR types of analyses.
A study of the matrix effects on the uranium IR values was performed using a
matrix composed of Cs, Ag, Rb, Tl and Pb (500 ng mL-1 each); a total concentration of 2.5
µg mL-1. The effects were judged for a solution consisting of 500 ng mL-1 uranium. In
order to initially monitor the signal intensity of each of the matrix elements, the digitization
window was set to m/z = 80–275. As a reference, a neat 2% HNO3 solution of 500 ng mL1

yields a 238UO2+ signal of ~58,000 counts. In the presence of the other metal species, the

133

Cs+ had a signal intensity of 106 counts, while the 238UO2+ intensity was suppressed by

a factor of >80% and none of the 235UO2+ species was observed in the spectrum. Previous
efforts using the LS-APGD suggest that a plasma-based, competitive ionization matrix
effect is not at play here.20, 35-36 The reasons for the suppression are likely the result of the
combination of ion storage capacity of the trap as well as the automatic background
subtraction. The former biases the ion accumulation/detection against low-density ion
populations. In the meantime, the presence of large populations of diverse ions mean that
the propagated noise levels increase, causing the automatic background correction to occur
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at higher signal levels; i.e., the 235U signal was effectively subtracted out of the spectrum.
Specifically, the background value subtracted for the neat 500 ng mL-1 solution was 6
counts per mass point, while the addition of the matrix increased that value to 29–42,
depending on the U concentration in the test solution. When reducing the width of the
digitization window to the region of the uranium oxide ions (equating to m/z = 265–275),
there was still a substantial reduction in the overall U signal recoveries; a classic space
charge effect. Additionally, because the frequency/mass window was reduced, the
subtracted background levels were reduced by a factor of 3–4 X. As such, the
signal was present in a proportion closer to be expected based on the

238

235

UO2+

UO2+ intensity; a

result of the lower amount of background subtracted. It is clear that control of the ion
number density and mass range injected into the Orbitrap analyzer and the range
subsequently digitized are crucial in obtaining accurate IR measurements.
Preliminary assessment of calibration quality
Provided the capability exists to perform precise and accurate isotope ratio
measurements, it is relevant to assess the ability to make quantitative measurements of
uranium content in a sample. The dynamic range of all types of trapping devices (including
Paul-type) is limited at the upper end of the concentration scale by the space charge limit,
above which mass resolving power and accuracy rapidly deteriorate, and ion suppression
occurs. The specific number density for this device has not yet been experimentally
determined for this instrument. The lower end of the dynamic range for MS systems with
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respective signals from both the 235U and 238U isotopes employing 300 mL injections of
100–800 ng mL-1 of “natural” U. Based on the isotopic fractions, this represents isotopic
concentrations ranging from 0.74–794 ng mL-1; a 4 orders of magnitude range in
concentration. A single response curve was constructed based on the isotopic responses,
including the correction for the mass bias described above. Each data point on the
calibration curve was an average of 50 continuous scans through the course of the singular
injection. Due to a large amount of carryover each concentration was only tested once. Fig.
5a is a log–log plot of the response curve, illustrating excellent linearity (R2 = 0.9987)
across this wide range of concentrations. The break in the plot separates the signals
resultant from the major and minor isotopes. The fact that the signals do not vary
appreciably from the fit speaks to the quantitative nature of the microplasma ionization and
the precision of the IR values. If there had been appreciable variability in the isotopic
responses, such a high level of correlation would not have been seen. Certainly, more
rigorous evaluation of the calibration quality, using multiple measurements and broader
concentration ranges is in order, but the response depicted in the figure suggests a great
deal of promise.
One is tempted, based on the well-behaved calibration function, to compute
preliminary limits of detection (LODs) for the LS-APGD-Orbitrap coupling. The standard
use of the slope of the regression and the standard deviation of the isotopic signals derived
from sample blanks would be a reasonable approach, but the background subtraction to a
de facto, zero level make this impossible. Likewise, the use of the Boumans' method based
on the relative standard deviation of the background (RSDB)37 is not applicable. Therefore,
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as evidence of the sensitivity of the instrument, Fig. 5b depicts the product mass spectrum
(50 scans) for 235UO2+ resulting from the injection of a 100 ng mL-1 U solution. In this case,
the isotopic concentration is 0.73 ng mL-1, with the total isotopic mass injected equal to 0.2
ng. The analyte signal here is clearly resolved from background ions, and is well above the
spectral background, though that value is zeroed-out automatically by the system software.
The strong S/N character exhibited here reveals that a great deal of practical signal exists
above the background level, suggesting that measurements could be performed at much
lower concentration/intensity (e.g., single pg mL-1 levels).
Conclusions
The coupling of the liquid sampling-atmospheric pressure glow discharge (LSAPGD) microplasma to an Orbitrap mass analyzer system, for IRMS determinations of
uranium has produced very interesting and encouraging results. High precision analysis
within a single analytical session was realized with a relative standard deviation of 0.4%,
and 1.63% RSD over several analytical runs affected by instrument drift, for naturalabundance uranium. These values are a significant improvement over our previous report.30
The mass bias for the 235U/238U pair is minimal in comparison to what is seen in beam-type
mass analyzers. A reasonably high level of linearity was obtained, with dynamic ranges
estimated to be greater than 4 orders of magnitude yielding R2 values of >0.99. Likewise,
the sensitivity of the measurement system extends far below 0.1 ng mL-1 (isotopic) of
uranium.
While promising, these results point to improvement paths as the LSAPGD/Orbitrap combination is further developed for applications in IRMS. First, the
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sources of variability (imprecision) must be delineated between the ion source and the mass
analyzer. For example, direct correlations between the temporal variability in plasma
operating conditions (current, voltage, sample flow rate) with the total and mass-analyzed
ion beam intensities must be performed. Isolation of the sources of instability will allow
their remediation. Second, a greater level of understanding of how the Orbitrap data system
processes data is required. This includes the means of “adding” microscans and scans, and
at what point Fourier transforms are employed. Better understanding, and perhaps
modification, of how the automatic background is performed is required. Finally, based on
the occurrence of space charge effects and the propagation of noise throughout the
spectrum, changes in the Orbitrap platform are needed to allow greater control of the ion
populations that are passed on to the trapping cell. The most straight forward approach,
which is commercially available in other Orbitrap MS systems, is implementation of a
quadrupole mass filter prior to the c-trap. Ultimately, it appears that the LS-APGDOrbitrap combination holds definite promise in the realm of IRMS.
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CHAPTER FOUR
CONCOMITANT ION EFFECTS ON ISOTOPE RATIO
MEASUREMENTS WITH LIQUID SAMPLING – ATMOSPHERIC
PRESSURE GLOW DISCHARGE ION SOURCE ORBITRAP MASS
SPECTROMETRY
Introduction
Improving analytical performance for isotope ratio measurements of U, Pu and
other radionuclides is important in the field of nuclear forensics. Mass spectrometry (MS)
is the technique of choice for such measurements, and developments over the years have
continuously improved its sensitivity, limits of detection, precision, and accuracy.1-3 These
developments have been implemented primarily on traditional laboratory based MS
systems, including thermal ionization MS and inductively coupled plasma (ICP) MS. New
mass spectrometry platforms are also emerging that offer promise for field-based MS
measurements of signature radionuclides. This follows a similar trend in organic and
environmental mass spectrometry applications.4 Development of fieldable MS platforms
would offer benefits of more expedient information, lowered demand for time- and costintensive laboratory measurements on large numbers of samples, and reduced need for
transportation of sensitive samples back to home laboratories.5-6 To this end, this work
strives to develop a new MS approach that offers field analysis potential and analytical
performance sufficient to meet accepted nuclear forensic measurement standards (e.g.
International Target Values for Measurement Uncertainty as set by the International
Atomic Energy Agency).7
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Development efforts in our laboratories have recently focused on using glow
discharge (GD) ion sources due to their simplicity, small-size, ruggedness and adaptability.
The liquid sampling-atmospheric pressure glow discharge (LS-APGD) source has been
found to be particularly attractive for these applications, by our group and others.8-12 LSAPGD is normally operated under a total consumption mode using a liquid electrolyte
(sample) flow rate of 5–100 mL min-1, gas flow rate of <1 L min-1, and power consumption
of <40 W, making it an compact, low-power ion source. Initial testing of the LS-APGD as
an ion source has been demonstrated using both 3D quadrupole ion trap and Exactive
Orbitrap mass spectrometry systems.13-14 In addition, prior research in our groups has
shown other benefits associated with ion trap type mass spectrometers for
elemental/isotopic application. Koppenaal and co-workers have interfaced ICP ion sources
with both FT-ICR instruments and 3D Paul-type ion trap instruments.15-17 Lessons learned
from these experiments showed the excellent resolving power of such instruments for the
detection of elemental species and the importance of advantageous gas phase reactions.
Our recent focus has shifted to using Orbitrap mass analyzers due to their superior
resolving power over ion trap instruments and compact size in comparison to traditional
Fourier transform ion cyclotron resonance (FT-ICR) MS instruments.
Our initial LS-APGD ion source research, completed at Pacific Northwest National
Laboratory (PNNL), interfaced the LS-APGD with a Thermo Scientific Exactive Orbitrap
mass spectrometer for isotope ratio analysis.8, 13 This Orbitrap instrument has exceptional
mass resolution (m/Δm >100 000) capabilities for a simple benchtop instrument. In this
early work, U isotope ratio precision of ~0.5% for a single analysis and 1.4% for an
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extended multi-day analyses were obtained, using a 5 µg mL-1 U sample.18 More recently,
work completed at PNNL resulted in an isotope ratio precision improvement to 0.08%
relative standard uncertainty for natural U and 0.04% relative standard uncertainty for lowenriched U samples.19 While these results were found to be surprisingly good for an ion
trap type of instrument and compare favorably to the target values established by the IAEA,
performance limitations were also apparent. Most noticeably, the analyte ion intensities
and isotope ratio performance (accuracy and precision) were found to be negatively
impacted by the presence of background and concomitant ions (e.g. water clusters, matrix,
and other analytes) formed in the system.20 For example, in the presence of equiconcentration levels of concomitant ions (Cs, Ag, Rb, Tl, Pb), U ion intensities were
suppressed by >80% and U isotope ratio measurements were actually precluded since
235

UO2+ intensities were lowered below background levels. This Exactive Orbitrap MS

model used had no ion pre-selection capability other than an inherent low mass rejection
filter of ~50 m/z. Thus, all ions sampled from the ion source are passed into the Orbitrap
analyzer, leading to potentially deleterious effects on measurements of target ions.
In recent and related Orbitrap isotope ratio measurement work, Eiler and colleagues
have used Orbitrap MS systems (GC Orbitrap and Q Exactive HF models) to evaluate
promise for their use in difficult stable isotope (C, H, N, O, S) analyses of organic
molecules, and particularly to push the envelope for measurement of site-specific and
clumped (multi- substituted) rare isotope species.21 Impressive results were obtained, using
electron impact or electrospray ionization for gaseous or organic species, and
demonstrating measurement precisions of ~0.001% RSD, using very long integration
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times. The ability of the Orbitrap MS system to obtain such precision, along with other
impressive resolution, sensitivity, and accuracy performance, and also providing
complementary and orthogonal information compared to conventional stable isotope
measurement techniques, is a transformative development in this rapidly evolving field.22
In the present work, we interfaced the LS-APGD with a Q Exactive Plus model
Orbitrap mass spectrometer, to take specific advantage of the quadrupole pre-filter feature
of this instrument. This feature enables the user to select or reject mass ranges of ions
entering the Orbitrap for analysis. Our premise was that removal of unwanted ions in the
system overall, but particularly from the Orbitrap analyzer, would improve analytical
performance. In our experiments, the use of selective ion filtering was evaluated in the
context of U isotope ratio measurement accuracy and precision. Test analyte solutions
which also contain Rb, Ag, Ba, Pb allow a demonstration of the effects of the sequential
removal of those matrix elements as well as other plasma background species
(predominately water-related ions), considered together as concomitant ions. The results
of these experiments also demonstrate that improved U isotope ratio performance can be
achieved through the use of pre-filtering capabilities prior to Orbitrap MS measurements.
Experimental
The LS-APGD ion source, which has been described previously,8-9, 13-14, 18 was
interfaced with a Thermo Scientific (San Jose, CA, USA) Q Exactive Plus mass
spectrometer as depicted graphically in Fig. 1. The ion source consists of a metal electrode
(SS, weldable feedthrough, MDC Vacuum Products, LLC, Hayward, CA, USA) that has a
positive potential applied to it from a Glassman (High Bridge, NJ, USA) Model EH power
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supply (0–100 mA, 0–1 kV) and a solution electrode (acting as the cathode) held at ground
potential. The solution electrode consists of an inner capillary (280 mm i.d., 580 mm o.d.,
Restek Corporation, Bellefonte, PA, USA) that delivers the sample solution to the plasma
and an outer capillary (316 SS, 0.8 mm i.d., 1.6 mm o.d., IDEX Health and Science, Oak
Harbor, WA, USA) that delivers helium that acts as a cooling/sheath gas. Experiments were
run using a NE-1000 syringe pump (New Era Pump Systems, Inc., Farmingdale, NY,
USA). The microplasma operation conditions were previously determined using a Thermo
Exactive mass spectrometer and were held constant throughout this effort: solution flow
rate = 30 mL min-1, discharge current = 30 mA, and He sheath gas flow rate = 0.5 L min 1 18

.

The Q Exactive Plus instrument was used without any modification other than
removing the standard ESI/APCI source. The Q Exactive Plus was operated in the positive
ion mode and was controlled by the Thermo Xcalibur operating and data acquisition
software. As previously detailed, data is collected as a series of acquisitions, composed of
scans and microscans.18,20 Acquisitions are made up of a set number of scans (1 - ∞)
which are made up of a set number of microscans (1 ≤ 10). A microscan is comprised of
the injection of an ion packet from the C-trap into the Orbitrap where a single interferogram
is acquired. Once the set number of microscans is completed, the transients are combined
and Fourier transform processed as a single scan. For this work 3 acquisitions were
collected for each sample. Acquisitions were made up of 100 scans with each scan being
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Figure 4.1: Diagrammatic representation the LSAPGD interfaced on a Q Exactive Plus
Mass Spectrometer (Q Exactive Plus Diagrammatic courtesy of ThermoScientific).
made up of 10 microscans. In order to minimize the total data collection time the maximum
injection time (1–3000 ms range), was set to 100 ms. Peak area measurement data, as
provided by the Thermo software Xcalibur Qual Browser was utilized, without other post
acquisition processing or correction. The Q Exactive Plus mass spectrometer, like the
Exactive mass spectrometer, allows the user to define the digitization range that is collected
per scan. For this set of experiments two digitization ranges were used, a large range from
m/z = 70 to 275 (equating to the totality of the analyte ion responses) and a smaller range
from m/z = 265–275 (equating to the mass range encompassing the uranium analyte
species). As the authors have previously shown, the accuracy and precision of the
measurement are improved by using smaller digitization ranges.18
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The Exactive mass spectrometer series has two methods to reduce or remove
background ions, the in-source collisional induced dissociation (CID) at the end of the ion
transfer capillary and higher-energy collisional dissociation (HCD) following initial
isolation in the C-trap (see Fig. 1). As determined in previous studies, the CID energy was
set to 50 eV while the HCD was set to 70 eV.18 In addition to these tools, the Q Exactive
Plus has the ability to set a band pass of ions passed through to the C-trap using the
quadrupole mass filter. For this set of experiments, the quadrupole was used to
progressively filter out concomitant ions prior to them entering the C-trap. The lower limit
of the quadrupole was set to 15 m/z below the lightest isotope of each concomitant element,
while the upper limit was set to m/z = 275. The upper limit was set to m/z = 275 because
using the above CID and HDC settings, no ions of interest were detected above m/z = 275.
Furthermore, setting the upper limit any higher would have had negative impacts on the
results due to the use of a larger digitization range as discussed above. In this manner
concomitant ions across the mass ranges could be removed, leaving proportionately higher
populations of the desired U analyte ions in the Orbitrap for analysis.
For the experiments presented here, samples were prepared in a 2% HNO3 solution.
A stock 5 µg mL-1 natural-abundance U solution was prepared to make all U calibration
curves. This U sample has a

235

U/238U value of 0.007289 as determined using a certified

standard, CRM-129a (New Brunswick Lab, Lemont, IL, USA) measured on a Thermo
Neptune ICP multi collector instrument.23 In order to test the effects of progressively
filtering out concomitant ions on the isotope ratio and measurement precision, a solution
containing 0.5 µg mL-1 each of Rb, Ag, Ba, Pb and U was used. Calibration solutions made
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up of 0.5–2.5 µg mL-1 U with and without Rb, Ag, Ba, and Pb concomitant ions at 0.5 µg
mL-1 were also prepared. As in previous work by the authors,18, 20 all U analysis was carried
out by monitoring the dioxide cation (UO2+), as this was the predominant U-containing ion
obtained in the spectra.
Results and discussion
Diagnostic utility of the quadrupole pre-filter
It has been a consistent observation in all prior LS-APGD-Orbitrap work that
uranium is predominately observed in the form of UO2+, despite detection as bare atomic
U species in cases of optical emission sampling and mass spectrometry sampling on
quadrupole ion trap platforms.18,

20

The initial hypothesis for observing UO2+ in the

Exactive studies was that UO2+ was forming in the C-trap preceding the Orbitrap analyzer
due to the relatively long period of time that ions spend in this focusing trap and the
resultant opportunity for ion–molecule reactions there. The new Q Exactive work provides
new insights into the conditions under which UO2+ is being formed however. When the
quadrupole bandpass filter was set to pass only ions in the range m/z = 230 to 240
(including bare U ions) to the Orbitrap, there was no U+, UO+ or UO2+ detected. When the
band pass filter was set to pass ions from m/z = 265 to 275 to enter the Orbitrap, UO2+ ions
are observed. Thus the UO2+ species are being formed prior to the pre-filter (and prior to
C-trap introduction), probably during the ion extraction process where O2 partial pressures
are higher, and proving our original presumption regarding the C-trap wrong. We have thus
shown that UO2+ formation is occurring in the front-end of the Exactive system; additional
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studies are underway to determine where this formation is occurring and how it might be
prevented.
Influence of quadrupole bandpass on spectral composition
While the Q-Exactive instrument configuration has several potential benefits, the
implementation of this platform here was specifically driven by the ability of the
quadrupole mass filter to limit unwanted ions from entering the C-trap and Orbitrap MS.
Filtering unwanted ions is generally beneficial for ion trap mass spectrometers that
typically suffer from smaller dynamic ranges and higher space charge effects than beam
type mass spectrometers. Space-charge and ion–ion perturbations tend to effect lower
concentration and low isotopic abundance ions more so than higher concentrations and
higher abundance ions, resulting in inaccurate isotope ratio measurements and
systematically low biases for minor isotopes.24-30 This situation is confounded due to the
fact that the Orbitrap is a Fourier transform instrument, as such concomitant (background
or otherwise unwanted) ions will contribute to noise that is distributed across the entire
spectrum.18, 20, 31-32 This can be further complicated by the data processing routines in
Exactive instruments, where noise thresholds are automatically set and only signals above
those values are reported. This creates a bias in favor of the major isotope because
proportionally there is less signal accounted for from minor isotopes. While this bias can
be corrected, if the amount of noise varies between two samples then the correction factor
becomes unreliable. Thus, prior studies clearly pointed to the case where a reduction of the
number of ions introduced into the Orbitrap and analyzed would result in more accurate
isotope ratio values and better precision.
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Figure 4.2: Representative spectra of U in a matrix of Rb, Ag, Ba, and Pb with quadrupole
bandpass mass filter. (a) Quadrupole filter m/z = 70–275. (b) Quadrupole filter m/z = 92–
275. (c) Quadrupole filter m/z = 115–275. (d) Quadrupole filter m/z = 189–275. (e)
Quadrupole filter m/z = 252–275.
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The Thermo Scientific Q Exactive Plus mass spectrometer was accordingly used in
the present work to take advantage of the bandpass pre-filter capabilities and determine the
effect of concomitants on isotope ratio performance. A solution containing 0.5 µg mL1 Rb,
Ag, Ba, Pb and U (each) was used to demonstrate concomitant ion effects, with the product
spectra shown in Fig. 2. Across the respective spectra, the low mass cutoff value was
increased to selectively filter the lower-mass concomitant species from the ion beam passed
on to the C-trap. Specifically, Fig. 2a employs a low mass of m/z = 70 thus allowing all
analytes to enter the C-trap. Fig. 2b employs a low mass of m/z = 92 filtering out Rb, Fig.
2c employs a low mass of m/z = 115 filtering out Rb and Ag, Fig. 2d employs a low mass
of m/z = 189 filtering out Rb, Ag, and Ba, Fig. 2e employs a low mass of m/z = 252 passing
only U species. (Of course other background ions below the respective cut-offs would also
be precluded from passage to the C-trap).
As seen throughout Fig. 2, there are ions still present in the final mass spectra below
the low mass filter setting. These signals are daughter ions of higher-mass polyatomics
dissociated in the HCD cell located after the quadrupole mass filter (Fig. 1), across all of
the spectra, signals for ions at m/z = 171, 173 and 175 are attributed to organic ion
contamination from prior work carried out on the Q Exactive instrument, and are daughter
ions signals of a parent ion located at m/z = 267 (which was observed in separate
experiments where the HCD cell was turned off). It is observed that as the concomitant
ions are sequentially excluded by the quadrupole pre-filter, the signal intensity of all
remaining ions increase. The increase in UO2+ ion intensity is approximately 7 times that
of the original ion population with all of the concomitant ions passed through to the C-trap.
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It is noted however, that the increase in signal intensity is not uniform across all ions. The
Pb signal for example increases to a very small degree, less than a factor of 1.5, as the
concomitant ions are filtered out with the largest increase in signal occurring after the low
mass filer was set to m/ z = 92. This increase is due to better performance of the Orbitrap
with fewer background ions and lower space charge and associated effects.
Influence of quadrupole bandpass on isotope ratio characteristics
Our prior work clearly demonstrates that the injection and FT-processing of
concomitant ions in the Orbitrap profoundly affect isotope ratio measurements based on
the vagaries of the background subtraction process.18-20 Implementation of the quadrupole
assembly as a band-pass filter to limit the species entering the C-trap and injected into the
Orbitrap analyzer is shown to beneficially impact the obtained isotope ratio values and
precision. As seen in Fig. 3a, a dramatic improvement in isotope ratio accuracy and
measurement precision is realized as concomitant ions are precluded from entering the C-

Figure 4.3: Results of quadrupole mass filtering on isotope ratio and RSD using a large
digitization range, m/z = 265 to 275. (b) Results of quadrupole mass filtering on isotope
ratio and RSD using a small digitization range, m/z = 265 to 275.
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trap. The data points reflect the mass range of matrix (and corresponding background) ions
passed through to the C-trap based on the quadrupole bandpass setting. The obtained
235

U/238U isotope ratio approaches the accepted value 0.007289 and the measurement

precision improves by nearly two orders of magnitude as the number of concomitant ions
are filtered until only uranium-related ions are introduced into the C-trap. Based on the
obtained ratio values, the extent to which the minor (235UO2) fraction is suppressed is
apparent in the below expected values.
As demonstrated in our previous LS-APGD/Orbitrap work,18, 20 the isotope ratio
characteristics are a product of the number of ions in the trap and the intensity of ion signals
FT-processed into the final mass spectrum; i.e., ion dynamics and FT-noise propagation.
The data presented in Fig. 3a was obtained across a large digitization range, i.e., m/z = 70
to 275. This corresponds to the frequency range over which the Orbitrap data are FTprocessed, but more subtly, the mass range of ions actually accumulated in the C-trap and
injected into the Orbitrap analyzer. When a large digitization range is used, ion dynamics
and noise effects are more apparent and bias against low abundance ions is observed.27-28
Use of a smaller, more discriminate digitization range including only the m/z ranges of
interest provides enhanced results in terms of ratio accuracy and measurement precision,
as seen in Fig. 3b where the digitization range has been reduced to just m/z = 265 to 275.
In comparison to the larger digitization range of Fig. 3a, both the isotope ratio and precision
are markedly improved across the entirety of the ion populations passed by the quadrupole
filter. While concomitant ion effects are still apparent, the degree of the bias is significantly
less than when using the larger digitization range. Moreover, the obtained precision of the
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measurements is better than 0.25% RSD in every scenario, improving generally as
background ions are removed. Ultimately, the

235

U/238U was measured to be 0.007133

(accepted value = 0.007289) with a RSD of 0.087%, which are exceptionally good isotope
ratio measurement results for an ion trap. For the sake of benchmarking, these statistics are
realized for analyses taking ~20 min of measurement time and consuming ~600 mL of
sample solution.
The improvement in isotope ratio measurement performance stems from the fact
that only ions of interest are introduced into the trap, effectively increasing the dynamic
range for the analyte ions, reducing ion–ion interactions, and reducing the incidental
spectral noise that is automatically deleted during the Exactive data processing. When a
large number of background ions enters the trap, the amount of noise increases, with the
amount of

235

UO2+ signal deleted in the subtraction being proportionally greater than for

the ~140X more abundant 238UO2+. This is the case when either a large or small digitization

Figure 4.4: Background signal and signal variation as quadrupole mass filter limits the
range of background ions that enter the Orbitrap.
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range is used, although there is a marked improvement using the smaller digitization range.
The decrease in % RSD is attributed to temporal variations in the total ion signal. When
the signals of the concomitant ions are summed and plotted against the bandpass of ions
passed through to the C-trap, Fig. 4a, the number of ions obviously decreases. What is more
interesting is the reduction of measurement variability (error bars) for triplicate
acquisitions. If there is a large variation in the number of background ions from one
acquisition to the next (essentially reflecting the plasma stability), the amount of noise that
is distributed and subsequently subtracted fluctuates as well. Fig. 4b depicts the
corresponding variability in the signal intensities for the respective uranium isotopes. As
would be expected due to its relatively low abundance, the

235

UO2+ signal shows much

greater variability than the major isotope at the broader bandpass, but as the width is
reduced the individual ion's variability converge to a value of ~4% RSD. As discussed
above, the larger variability in the 235UO2+ signal is due to ion–ion interactions which have
a greater impact on ions with a low abundance. In short, lessened variability in the ion
signals will de facto improve the isotope ratio precision, particularly if the variability is
correlated between the two species. This is indeed the case depicted in Fig. 3.
Influence of quadrupole bandpass on quantitation characteristics
We have previously demonstrated the ability to obtain linear calibration response
for neat uranium solutions, covering four orders of magnitude based on the use of the 235U
and

238

U isotopic responses.20 To investigate the quantitative effects of concomitant ions

on analyte signals, a series of response curves was generated using both a neat U solution
and one with U and the four matrix elements, with the results presented in Table 1 for the
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range of experimental conditions. The neat solution was used as a benchmark and the latter
solution was used to compare the effects of varying the mass band pass and digitization
ranges. In Fig. 5a, the response curve for the neat U solution is presented for the case where
the pre-filter was set to pass ions from m/z = 265 to 275, with digitization occurring over
the same range. On a first principles basis, this is the situation which would be expected to
provide the most ideal performance. This curve was generated using 300 mL injections of
100–800 ng mL-1 U and plots the UO2 signals from both the

235

U and

238

Based on the isotopic composition, the lowest concentration measured was

U isotopes.20
235

U equal to

0.72 ng mL-1. Similar to previous work, there is little variability between the isotopic
responses leading to excellent linearity (R2 = 0.9943). In order to determine an initial limit
(LOD) for the system each concentration was analyzed 3 times, though the error bars are
generally hidden by the data point in these curves. The LOD was calculated using eqn (1):
𝐿𝑂𝐷 =

3 ×𝑠
𝑚

where s is represents the standard deviation of the signal intensity for triplicate
measurements of the lowest isotopic concentration and m is the slope of the regression. To
be clear, the common use of the standard deviation of an analytical blank is not practical
based on the peculiarities of background subtraction of this instrument, where the presented
background signal is zero. Therefore, it is highly likely that the computed value of 0.03 ng
mL-1 is of an overestimate.
Equivalent response curves were obtained for solutions having U concentrations
ranging from 0.5–2.5 µg mL-1 in the presence of a matrix including Rb, Ag, Ba, and Pb, at
a concentration of 0.5 µg mL-1 each. These solutions were analyzed, first looking at the
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effects imposed by the presence of the concomitant ions being passed to the C-trap and
analyzer, and then evaluating the role of the digitization mass range. Fig. 5b depicts the
resulting response curve for what might be considered the worst case scenario as the

Figure 4.5: Response curves for U and U in a matrix. (a) Response curve using total U
concentrations of 100–800 ng mL-1 with both 235UO2 and 238UO2 isotope signals plotted. A
digitization range of m/z = 265 to 275 and a quadrupole filter range of m/z = 265 to 275
was used. (b) Response curve using total U concentrations of 0.5–2.5 µg mL-1 with both
235
UO2 and 238UO2 isotope signals plotted in a matrix of 0.5 µg mL-1 each of Rb, Ag, Ba,
Pb. A digitization range of m/z = 70 to 275 and a quadrupole filter range of m/z = 70 to
275 was used. (c) Response curve using total U concentrations of 0.5–2.5 µg mL-1 with
both 235UO2 and 238UO2 isotope signals plotted in a matrix of 0.5 µg mL-1 each of Rb, Ag,
Ba, Pb. A digitization range of m/z = 70 to 275 and a quadrupole filter range of m/z = 265
to 275 was used. (d) Response curve using total U concentrations of 0.5–2.5 µg mL-1 with
both 235UO2 and 238UO2 isotope signals plotted in a matrix of 0.5 µg mL-1 each of Rb, Ag,
Ba, Pb. A digitization range of m/z = 265 to 275 and a quadrupole filter range of m/z =
265 to 275 was used.
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quadrupole mass filter was set to pass ions between m/z = 70 and 275 into the Orbitrap
while the digitation range was also set to m/z = 70–275. While the goodness-of-fit to a
linear regression is excellent (R2 = 0.992), it is clear that the 235U signals are appreciably
suppressed. In this case visualization of the data is very informative as it is the deviation
of the lower-weighted 235U data points, which have little impact on the R2 value, where the
non-ideal response exists. This phenomenon is not at all surprising based on all LS-APGDOrbitrap efforts to this point as low intensity signals are affected to a larger degree by the
automatic background subtraction. The absolute value of that subtraction is of course
greatest for the case of large amounts of concomitant ions in the Orbitrap analyzer as is the
variability of the obtained intensities. As described with reference to Fig. 2, the overall
response of the

238

U is also suppressed in the presence of concomitant ions, as such the

slope at the higher isotopic concentrations is itself depressed. The combination of greater
signal variability and lower slope combine to an LOD increase by more than an order of
magnitude (0.57 ng mL-1) in comparison to the neat solution as noted in Table 1.
Taking the step of limiting the ion transfer to the C-trap to ions of interest for
uranium analysis (m/z = 265 to 275) but still digitizing across the entire m/z = 70 to 275
range should mitigate the effects of the concomitant ions initially presented by the
ionization source. As presented in Fig. 5c (and Table 1), the high degree of agreement to
the linear fit is retained (R2 = 0.9940), with the extent of suppression of the

235

UO2

responses appearing to be lessened relative to Fig. 5b. It is telling that while there is only
a small increase in the

238

UO2 intensities between Fig. 5b and c, there is an appreciable

increase in the slope of the response curve. While a decrease in the measured LOD might
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Table 4.1: Response characteristics of U and U in a matrix with varying digitization and
quadrupole mass filter ranges.

have been expected when the concomitant ions were filtered out of the initial ion beam, the
measured LOD was actually somewhat, though not significantly, degraded versus the case
where the broad range of ions were transmitted to the analyzer. The increase in LOD is
caused by a decrease in the measurement reproducibility which can be attributed to the use
of a wide digitization range as previously discussed.
As demonstrated in Fig. 2, limiting the mass range of ions initially passed to the Ctrap is only one step in the process of reducing the number of ions entering the Orbitrap
analyzer. Transfer of ions accumulated in the C-trap to the HCD for collisional activation
does indeed create daughter ions from higher-mass species and these ions are partitioned
to lower masses, all to be passed back to the C-trap and injected into the analyzer.
Restriction of the mass digitization range takes the next step in optimizing the Orbitrap
precision performance. Setting the digitization range to only the most appropriate
analytical masses minimizes noise contributions and effects from the broader range of
signals; such noise artifacts are inherent to any FT data acquisition approach. The spectral
result of this further step, use of a digitization range equivalent to m/z = 252 to 275, was
shown in Fig. 2e for uranium in the multi-element matrix. The equivalent improvement in
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the response function is depicted in Fig. 5d and the quantitative results presented in Table
1. Using the narrower digitization range, the sensitivity (slope) of the uranium response is
appreciably increased over the larger range of the multi-element matrices with a calculated
limit of detection reduced by a factor of ~20X, to a level comparable to the neat uranium
solution. Clearly, the cumulative separation and data acquisition processes that can be
exercised on the Q Exactive Plus platform are very effective in reducing the various effects
of ion storage dynamic range, space charge effects, FT noise propagation, and background
subtraction effects. This concept would be expected to also have ramifications in that
extreme amounts of chemical separations that are common in many isotope ratio protocols
may be alleviated.
Influence of concentration and matrix levels on isotope ratio measurements
Uranium isotope ratios were also determined as a function of U concentration, in
solutions both with and without the concomitant matrix (0.5 µg mL-1 each of Rb, Ag, Ba,
Pb), but at different analysis times. Both the 235U/238U ratio and precision data from these
Table 4.2: Isotope ratio and ratio precision measurements as a function of concentration
and matrix. Neat and matrix solution data acquired at different analysis times
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analyses are provided in Table 2. These data show only a small variation in isotope ratios
with concentration or presence of matrix. The relative precision at comparable
concentrations with and without matrix present is nearly identical. An expected
degradation in precision is observed as analyte concentration is lowered however. These
data show that nominally consistent isotope ratio measurements can be obtained across a
range of concentration, again illustrating the efficacy of the use of pre-filtering capabilities
prior to Orbitrap MS measurements to remove concomitants.
Conclusions
The work presented demonstrates that the LS-APGD interfaced with Orbitrap mass
analyzers shows continuing promise for isotope ratio mass spectrometry. The deleterious
effects of high levels of background ions is conclusively demonstrated in this work. The
use of a quadrupole band pass pre-filter to selectively prevent concomitant ions from
entering the Orbitrap mass analyzer system reduces space charge effects and increases the
analytical performance of the Exactive Plus instrument. High levels of non-analyte,
concomitant ions in the Orbitrap negatively affect analyte signal levels, isotope ratio
accuracy and precision, LODs and sensitivity. Improved performance in all regards is
achieved by using narrow band pass ranges in the quadrupole pre-filter and the transient
digitization processes. These improvements are easily affected using standard Exactive
Plus MS operating system parameters. Moving forward, a more comprehensive
understanding of additional sources of variability still present in the LS-APGD approach
is necessary. Additional understanding of the exact data processing steps for the Orbitrap
series instruments is also merited and will require interaction and cooperation with the
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instrument manufacturer. It may be that alternative, customized data acquisition/processing
routines may be required to achieve ultimate isotope ratio performance using Orbitrap MS
instruments. In any case, the present state of the LS-APGD and Orbitrap coupling is
approaching the isotope ratio performance of conventional ICPMS, albeit future real
sample and application measurements and evaluations are merited. The combination of
these two novel components may yet yield a new paradigm in elemental mass
spectrometry.
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CHAPTER FIVE
INITIAL BENCHMARKING OF THE LIQUID SAMPLING-ATMOSPHERIC
PRESSURE GLOW DISCHARGE-ORBITRAP SYSTEM AGAINST TRADITIONAL
ATOMIC MASS SPECTROMETRY TECHNIQUES
FOR NUCLEAR APPLICATIONS
Introduction
Since the advent of the atomic age, the fields of nuclear forensics and nuclear
safeguards have relied heavily on mass spectrometry to measure isotopic abundances of
uranium (U), plutonium (Pu), and related radionuclides with a high degree of accuracy and
precision.1-3 Due to the nature of these materials, special considerations must be made when
performing the analysis, stemming from the need to ensure nuclear materials are
appropriately accounted for in their respective uses (i.e., nuclear energy). It is vital,
regarding U isotope ratio measurements, to be able to distinguish between 235U enrichment
levels pertaining to civilian (0.02 – 0.05%), fuel (0.7 – 20%), and military (> 20%)
applications.1-3 In order to establish guidelines for safeguards verification, the International
Atomic Energy Agency (IAEA) adopted the International Target Values (ITVs) for
Measurement Uncertainties in Safeguarding Nuclear Materials (Table 1) to characterize
the reliability of analytical techniques applied to industrial nuclear and fissile materials.4
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Current research and applications regarding atomic and isotope ratio mass
spectrometry (IRMS) for the analysis of nuclear materials, has focused on thermal
ionization mass spectrometry (TIMS)5 and inductively coupled plasma mass spectrometry
(ICP-MS)6-7 instruments for solution-based sample analysis, and laser ablation coupled
ICP-MS (LA-ICP-MS)8-10 and secondary ionization mass spectrometry (SIMS)11
instruments for direct solids analysis. While these instruments are proven in their ability to
perform isotope ratio measurements with a high degree of fidelity, they remain large and
complex laboratory-based instruments, with long sample analysis times, particularly those
associated with TIMS/SIMS. In comparison to TIMS and SIMS, ICP-MS instruments do
have advantages in terms of high sample throughput, allowing the analysis of numerous
Table 5.1: International Target Values for Measurement Uncertainties in Nuclear
Safeguards for the destructive analysis of uranium. *Systematic uncertainty component,
u(s), short-term systematic errors determined by the relative error (%RD) after a
correction factor. **Random uncertainty component, u(r), defined as the relative standard
deviations (%RSD) of the random errors. ***Combined uncertainty expresses as a
percentage
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samples as the ionization step does not have ultra-high vacuum sample introduction
requirements. While there has been little change in the overall operation and
instrumentation in ICP-MS, there have been advances in high efficiency sample
introduction systems which have led to improved precision in isotope ratio measurements.
For example, advanced spray chambers such as the stable sample introduction (SSI) dual
quartz spray chamber (consisting of both a cyclonic and Scott-type spray chambers) housed
within a Peltier-cooled apparatus or a desolvating nebulizer can improve sensitivity and
precision as they homogenize the sample aerosol prior to introduction into the ICP, as well
as reduce oxide formation.12-14 Unfortunately, incremental advances seen in these
techniques have not led to any significant advances with regard to field deployable isotope
ratio analysis over the last few decades. In order to provide early diagnostic information
and to expedite sample analysis required in nuclear forensic challenges, the development
of a field deployable mass spectrometer is warranted. Of course, in order to realize such
capabilities, both the ion source and mass analyzer components must be developed with
regard to their fit-for-purpose qualities.
To this end, work at the Pacific Northwest National Laboratory and Clemson
University has focused on developing the liquid sampling-atmospheric pressure glow
discharge (LS-APGD) as a field deployable ion source for elemental and isotope ratio
analysis.15-18 The LS-APGD operates in a total consumption mode using a liquid electrolyte
(sample) at a flow rate of 5 – 50 μLmin−1, gas flow rate of < 1 L min−1, and power
consumption of < 40 W, making it an attractive field deployable ion source. Over the course
of its development the LS-APGD has been shown to be a versatile ion source. In addition
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to aqueous elemental/atomic samples, the LS-APGD is capable of determining organic and
organometallic analytes while maintaining molecular structural information.19-20
Additionally, the LS-APGD has been used as a secondary ionization source for laser
ablation samples and as an ambient desorption ion source for organic samples.21-22 While
current research conducted by Marcus et al. has interfaced the LS-APGD with both 3D
quadrupole traps and Orbitrap mass spectrometers, efforts for isotope ratio measurements
have focused to using second-generation Orbitrap instruments due to their compact size
potential and superior resolving power (m/ Δm > 1,000,000). While Orbitrap mass
spectrometers have been used extensively in the fields of proteomics and small molecule
analysis,23-24 there is limited research looking at the ability of the Orbitrap to perform
isotope ratio measurements. In related work, Eiler and colleagues have used Orbitrap MS
systems (GC Orbitrap and Q Exactive HF models) to evaluate the ability of the analyzer to
measure stable isotopes (C, H, N, O, S) of organic molecules.25 Use of the advanced
quadrupole selector (AQS) and collisional activation methods to improve performance was
demonstrated. In addition to electrospray ionization (ESI), conventional gas phase electron
ionization (EI) was utilized successfully for isotope ratio measurements. Use of extended
analysis times provided high levels of precision; single °/°° in minutes and tenths °/°° in
tens of minutes.
While the LS-APGD work thus far has shown that Orbitrap instruments are capable
of meeting the rigorous demands of the safeguards community for measurement
uncertainty,15 there has been no direct comparison between the LS-APGD-Orbitrap system
and current mass spectrometers used for atomic isotope ratio analysis. Of the various
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atomic systems currently available, TIMS remains the gold standard atomic mass
spectrometer for U isotope ratio analysis.26-29 More recently, multi-collector ICP-MS
systems have distinguished themselves as the work horse instruments due to their ability
to significantly decrease the analysis time while still meeting the rigorous requirements
established in the ITVs.7,

13, 30

In addition to these two specialized techniques, other

commercial ICP-MS instruments, including single quadrupole (ICP-QMS) and scanningmode magnetic sector (i.e. sector field, SF) instruments (ICP-SFMS) make up a significant
market share in the atomic mass spectrometry community. In this research, we benchmark
the isotope ratio measurement performance of the LS-APGD-Orbitrap system against
commercial instruments including scanning SF and quadrupole-based ICP-MS systems
and a multi-collector TIMS instrument. The results presented here include the analysis of
highly enriched U samples as well as measuring an “unknown” sample. Ultimately, a
sample containing 80% 235U was analyzed by the LS-APGD-Orbitrap system with a total
measurement uncertainty of 0.04%, suggesting great promise for isotope ratio
measurements.
Materials and Methods
Sample Preparation
In order to benchmark the LS-APGD-Orbitrap system against traditional atomic
mass spectrometry methods for uranium isotope ratio analysis, a series of highly purified
U oxide (U3O8) certified reference materials (CRM) were examined. These CRMs, U-010,
U-100, U-500, and U-800 (New Brunswick Laboratory, Argonne, IL, USA), are primarily
employed as quantitative and isotopic standards for performing U measurements. U-010,
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U-100, U-500, and U-800 were prepared by dissolving 100 mg in ~ 2 mL of 8 M HNO3 at
80 °C. Once dissolved, dilutions were made in 1M HNO3 to obtain working concentrations
of ~ 200 μg mL−1. For the experiments presented here, samples were further
prepared/diluted in 2% HNO3 (Fisher Optima, Pittsburgh, Pa, USA). A natural U sample,
CRM129-A, was provided by High Purity Standards (Charleston, SC, USA) as a stock 1
μg mL−1 and was treated as an unknown during these experiments. Table 2 shows the
235

U/238U values for each of the samples used in these experiments. For the sake of this

benchmarking study, only the

235

U/238U ratio was compared. Beyond the solid CRM

dissolution procedure described above, each instrument operator was provided with a 5mL ampule containing the unknown solution (CRM 129-A). Dilutions were made for each
specific instrument, as necessary, using a 2% HNO3 solution, with final concentrations for
each of the instrumental methods shown in Table 4 (seen below).
Table 5.2: Certified reference materials used in this study

114

LS-APGD-Orbitrap Mass Spectrometry
The LS-APGD17,

31-34

microplasma was interfaced to a Thermo Scientific Q

Exactive Focus (San Jose, CA, USA) mass spectrometer (Figure 1). The ion source consists
of a solution grounded cathode and a solid stainless steel counter electrode (SS, weldable
feedthrough, MDC Vacuum Products, LLC, Hayward, CA, USA) to which a potential is
applied from a Spellman high-voltage power supply (SL-60, Spellman High Voltage
Electronics Corporation, Hauppauge, NY, USA). The solution electrode has an outer
capillary (316 SS, 0.8 mm i.d., 1.6 mm o.d., IDEX Health and Science, Oak Harbor, WA,
USA), which provides a He cooling/sheath gas and a nested inner capillary (280 μm i.d.,
580 μm o.d., Restek Corporation, Bellefonte, PA, USA) that delivers the sample solution
to the plasma. The gas flow rate was controlled using a mass flow controller (Alicat
Scientific, Inc. Dallas, TX, USA). Solution was delivered using two Fusion 100 syringe

Figure 5.1: Drawing of the experimental components of the LS-APGD microplasma
interfaced to the Q-Exactive Focus mass spectrometer.
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pumps (Chemyx, Stafford, TX, USA), set in parallel with a six-port Rheodyne 7125
injection valve (Valco Instruments Co. Inc., Houston, TX, USA) used to switch between
pumps. The first syringe pump was used to deliver the sample while the second syringe
was used to deliver a sodium citrate solution which was used to sustain the plasma and to
wash U from the system to reduce carryover. Nominal total U concentrations were 100 ng
mL−1. Similar to previous isotope ratio studies, the operating parameters for the LS-APGD
were current = 30 mA, gas flow rate = 0.5 L min−1, and solution flow rate = 30 μL min−1.18
There was no modification, including changes to ion optic potentials or capillary
temperatures,

to

the

Q Exacive

Focus

other than

removing the standard

electrospray/atmospheric pressure chemical ionization sources (ESI/APCI).18, 33 The Q
Exactive Focus was controlled by the Thermo Tune operating system and data acquisition
software and operated in the positive ion mode. Acquisitions consisted of 100 scans with
each scan made up of 10 microscans. Each microscan is comprised of the injection of an
ion packet into the Orbitrap where a single transient is acquired. Once the 10 transients
(corresponding to the 10 microscans) are acquired, the transients are averaged and Fourier
transformed to produce a single spectrum. Ion packets were formed by injecting ions into
the C-Trap for a fixed period of 100 ms in all cases. U signals were measured by using the
peak area measurement provided by the Thermo software Xcalibur™ Qual Browser. As in
previous work, all U measurements were carried out by monitoring the dioxide cation
(UO2+), as this was the predominant U-containing ion present in the spectra.15-18
(Interestingly, the atomic U+ is most prominent when sampling the microplasma with a
conventional Paul-type trapping instrument).20 The ability of the Orbitrap to provide much
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higher mass resolution than the other instruments is incredibly useful. In this application,
the Orbitrap resolution was set to m/Δm = 70,000, which was the maximum for the Q
Exactive Focus. Figure 2 shows a representative mass spectrum, taken while analyzing
CRM U500, showing all four U isotopes present in the sample. As can be seen, the Orbitrap
has the dynamic range necessary to measure the 234U and 236U isotopes with a high degree
of accuracy and precision. Additionally, the virtues of the instrument’s resolving power are
demonstrated as the

236

U16O2+ peak is baseline-resolved from the

235

U16O17O+ peak

allowing for accurate isotope ratio measurements to be made. Without this level of mass
resolution (as in the case of the other mass analyzers employed here), the

235

U16O17O+

Figure 5.2: Representative LS-APGD/Orbitrap mass spectrum of CRM U-500 with scale
expansions showing the determined 234U16O2+ and 236U16O2+ ions as well as the potentially
interfering 235U17O16O+ species.

117

signal would be an isobaric interferent of the 236U16O2+, resulting in a 3 – 4× overestimation
of the 236U fraction, which is generally corrected.
A number of mechanisms exist for reduction/removal of concomitant ions from the
analyzed ion beam and also improving the isotope ratio precision and accuracy for the LSAPGD/ Orbitrap pair.18 In order to reduce concomitant molecular ions that interfere with
signals of interest, in-source collision-induced dissociation (CID) and higher-energy
collision-induced dissociation (HCD) were implemented. As common in many
atmospheric pressure ionization instruments (e.g., ESI-MS), the insource CID takes place
between the end of the ion transfer capillary and the exit lens of the ion source interface
while HCD takes place in a multi-pole collision cell (with N2 as the target gas) as is
common in tandem MS platforms. For these experiments, the CID energy was set to 70 eV
while the HCD was set to 100 eV. In order to improve the measurement precision and
accuracy, the quadrupole mass filter was used to eliminate concomitant ions from entering
the C-trap prior to injection into the Orbitrap. For this work a quadrupole range from m/z
= 243.5 to m/z = 293.5 was used. Additionally, a digitization range of 10 Da, from m/z =
263.5 to m/z = 273.5, was employed.
Inductively Coupled Plasma-Sector Field Mass Spectrometry
While multi-collector ICP-MS offers superb isotope ratio analysis, scanning SFMS
are also widely used to complete these measurements when the ultimate precision is not
required. The Thermo Fisher Scientific (Bremen, Germany) Element XR ICPSFMS was
employed in these efforts. This SF-ICP-MS is configured such that the auto-sampler,
plasma torch box, and sample/skimmer cones are housed within a radiologically controlled
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open front hood such that any radiological contamination is contained. The ion focusing
mechanism and detector is located outside the radiological enclosure. Here, an Elemental
Scientific Inc. (Omaha, NE, USA) PrepFast auto-sampler was employed for sampling into
the ICP-SFMS. A MicroFlow PFA-ST nebulizer (Elemental Scientific) was employed for
nebulization with an uptake solution flow rate of 200 μLmin−1 and argon flow rate of
1.0mLmin−1. For improved stability, the Elemental Scientific stable sample introduction
(SSI) dual quartz spray chamber was employed as it is ideal for isotope ratio measurements.
The SSI spray chamber was housed within an Elemental Scientific PC3 Peltier-cooled (2
°C) inlet system. The Peltier cooler reduces the water/solvent vapor loading on the plasma
thus improving stability and isotope ratio measurement performance.13-14 Prior to analysis,
the instrument was tuned with a 1 pg mL−1 multi-element solution with an emphasis placed
on measurement precision of the 238U isotope. Based on previous isotope ratio experience
on this instrument, samples were diluted such that only the ion counting mode of the
secondary electron multiplier was employed, which has generic limits of detection in the
sub-fentogram per gram arena. Nominal total U concentrations were 1 ng mL−1. Routine
peak jumping on a single collector was employed at low resolution and flat-topped peaks.
For these experiments, 50 ms was used for each of the samples analyzed. The scan rate was
based set to allow for 100 scans to be taken over a 2-min period. For the experiments
presented here, the resolution (R = m/Δm) was ~ 300.
Inductively Coupled Plasma-Quadrupole Mass Spectrometry
Quadrupole ICP-MS is most often employed for isotope ratio measurements not
requiring high precision/accuracy, utilizing the system simplicity and analysis speed of that
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platform. In addition, this offers a lower-cost method for prescreening samples and running
samples in heavy matrixes prior to performing multicollector ICP-MS/TIMS
measurements. A Thermo Fisher Scientific X-Series 2 ICP-QMS (Breman, Germany) was
used for this study. This quadrupole-based ICP-MS was employed such that the system
entirety, due to its small footprint, was contained in a radiologically controlled open front
hood to minimize personnel contamination. Similar to the sector field, an ESI auto-sampler,
with aMircoflowPFA-100nebulizerwasemployed.Atraditional cyclonic spray chamber was
utilized, housed within an Elemental Scientific Inc. PC3 Peltier-cooled (2 °C) inlet system.
To mimic sampling conditions, an uptake solution flow rate of 200 μL min−1 and argon
flow rate of 1.0 mL min−1 were used. Here, samples were diluted such that the
totalUconcentrationwas10 ng mL−1, as the nominal detection limit of the X-Series 2 is subnanogram per gram. The instrument operates with unit mass resolution. Prior to operation,
the instrument was tuned using a 1 μg mL−1 multielement tune solution including depleted
U optimized to a mass of 238 amu. Masses were monitored using a real-time display (RTD)
and peak jumping to insure maximum sensitivity while obtaining a uniform mass response
across the isotopic range. Samples were diluted into a range such that only the ion counting
mode of the secondary electron multiplier was used for measurement. For these
experiments, 10 ms was used for each of the samples analyzed. The scan rate was based
set to allow for 100 scans to be taken over a 2-min period.
Thermal Ionization Mass Spectrometry
For low uncertainty isotope ratio measurements, TIMS instruments are the
benchmark method in nuclear forensics. A Thermo Fisher Scientific Triton (Breman,
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Germany) multi-collector was employed for high precision isotope ratio measurements of
the U isotopes. The Triton instrument has a resolution m/Δm ~450. The commonly used
total evaporation (TE) method was employed with a double-filament (rhenium)
configuration, whereas the U samples analyzed were deposited on one of the two
filaments.28 The sample-loaded filament is placed in proximity (~ 1 mm) to the ionizing
filament. Samples were diluted in 1 M HNO3 to a concentration of 200 μg mL−1. For each
sample, approximately 200 ng was deposited onto the center of a Re filament and was dried
to a residue by ramping up the filament amperage following ASTM Test Method C167217.35 The filaments were then loaded onto the sample turret, placed into the sampling
chamber, and pumped down to < 5 × 10−7 mbar. Prior to the start of the analysis, liquid
nitrogen was added to the cold trap to maintain the desired vacuum level during ionization.
The uranium isotope ratio protocol has been previously described.36 The sample data was
collected with the 235U and 238U intensities summed to a final detector voltage of 6 V, with
a 1-s integration time until the response fell below a predefined target intensity. The
amplifier associated with the TIMS instrument used during this experiment employed a
dropping resister of 1011 Ohms. During analysis, all of the isotopes
238

234

U,

235

U,

236

U, and

U were measured simultaneously by employing static Faraday cups (fixed on the

individual isotopes) which continually measure the ion signal throughout the analysis. The
TE method produces good abundance measurements for the major isotopes
238

235

Uand

U.Once the data was collected, isotope ratio values are determined based in the

integrated signal intensities.
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Benchmarking Analysis/Acquisition
For each of the plasma-based instruments (LS-APGD-Orbitrap, ICP-SFMS, and
ICP-QMS), individual samples were analyzed with triplicate scans (3× of n-scans) and an
average value was reported. The samples were analyzed in triplicate with alternating blanks
in between such that the sequence, for instance, would consist of blank, CRM U-100, blank,
CRM U-100, blank, CRM U-100. In order to correct for mass bias, a correction factor (𝑪𝒇 )
was calculated using CRM U-500 system in the comparison across different uranium
enrichment levels and in the case where CRM U-010 was treated as an unknown. The
correction factor was determined by first calculating the correction factor per mass unit
using Eq. 1:
(eq 1)

𝑪𝒇 =

̅
𝑟
𝑏

( ̂𝑠 −1)
3

where 𝑟̅𝑠 is the average of the measured ratios, 𝑏̂ is the externally provided estimate of the
true ratio of the reference material, and 3 is the number of mass units between the measured
isotopes (235U and 238U). In order to calculate the corrected ratio 𝑟̅𝑐𝑢 equation 2 was used:
(eq 2)

𝑟̅

𝑠
𝑟̅𝑐𝑢 = (1+3×𝐶

𝑓)

Correction factors per mass unit for each instrument can be seen in Table 3.
Due to the nature of TIMS instruments, there was no washout period or blank
between samples. In this case, each sample was analyzed four times and an average value
was reported. The turret had a comparator standard run at the beginning, twice in the middle
and end of the turret. The reason for running the comparator standard throughout the
experiment is to constrain the uncertainty of the correction factor that can arise to due to
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Table 5.3: Calculated mass bias correction factors per mass mass fractionation, which
unit.
has a large associated
uncertainty.24

The

comparator standard, CRM
U-500,

was

estimate
fractionation

the

used

to
mass

correction

factor and was applied
using Eq. 1. The other samples that were run on the turret were corrected using the
comparator standard and % relative deviation’s (RD) of the major ratio were plotted on
quality control charts to ensure they were within pre-set limits. The comparator standard is
self-correcting and should have a %RD of 0.000. Samples and standards (not including the
comparator) were randomly analyzed throughout the turret.
In order to compare the measurement uncertainty between instruments and to the
ITVs, the systematic uncertainty u(s), which represents the measurements accuracy, and
the random uncertainty u(r), which represents the measurement precision, are presented for
each analysis. The systematic uncertainty, u(s), and random uncertainty, u(r), are combined
in to give a combined (total) standard uncertainty (uc) (eq 3).
(eq 3)

𝒖𝒄 = √𝒖(𝒓)𝟐 + 𝒖(𝒔)𝟐

where u(s) is given by the % relative deviation (%RD) and u(r) is given by the % relative
standard deviation (%RSD) of the measurement.4
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Comparing System Operations
In order to compare the practical aspects of analysis and performance of the LSAPGD-Orbitrap system to the traditional elemental techniques presented here, four of the
CRM samples were analyzed under the system operation metrics compiled in Table 3. The
primary differences between the systems are the material consumed per sample and the
total time required for measuring all of the samples. Both ICP instruments operate in a
similar manner, with the ICP-SFMS requiring less overall sample due to greater sensitivity.
While the sample flow rate of the LS-APGD-Orbitrap is only 30 μL min−1, compared to
200 μL min−1 for the ICP instruments, the time required to analyze each CRM is three times
as long. One avenue to decrease the analysis time of the LS-APGD-Orbitrap is to decrease
the resolution of the measurement from 70,000 to a lower resolution setting. By doing this,
the time each ion packet is analyzed in the Orbitrap is decreased. A preliminary study
showed that by reducing the resolution on the Q Exactive Focus from 70,000 to 20,000,
the time required to take a single acquisition was reduced from 4.5 to 2.35 min. It is not
clear what effect using a lower resolution will have on the measurement precision or
accuracy; however, previous research presented in Hoegg et al.,15 using an Exactive
instrument (different platform) and a resolution of 20,000, achieved similar results for
natural and low enriched U samples. This increase in per sample analysis time increases
the material consumed per sample. Two advantages that the LS-APGD has over ICP
instruments is the use of relatively low gas flow rates and the fact that the LS-APGD
operates in a total consumption mode eliminating waste streams. Compared to ICP sources,
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Table 5.4: Comparison table of operating parameters and analysis parameters for the LS-APGD/Orbitrap, Element, X-Series,
and TIMS systems. Warm up time is from the time the sample has been put into solution and is ready to be analyzed. *The
TIMS analysis used 4 replicates of each sample however the material consumed and the total analysis time were calculated
using only 3 replicates in order to provide direct comparison.
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which use 1 L min−1 of Ar to nebulize the sample and 16 L min−1 to maintain the plasma,
the LS-APGD operates using a total gas flow rate of 0.5 L min−1 of He. When the total
measurement times are compared, the time the LS-APGD-Orbitrap takes to complete the
analysis is far longer than the traditional techniques; however, the majority of this time is
taken up by the washout period, which is required to eliminate U carryover from within the
ion transfer capillary of the Exactive instrument. The long pre-analysis time required by
the TIMS includes the evacuation of the sample chamber to reach the vacuum levels
discussed above. By improving the washout protocol of the LS-APGD-Orbitrap, it is
expected that the total time required for measuring the four CRMs should fall below the
time required for TIMS analysis.
Results and Discussion
Enriched Uranium Analysis Using the LS-APGD-Orbitrap System
As previously described, the ability of the LS-APGD-Orbitrap system to report the
values of minor isotopes is hindered by a noise (background) deletion step completed
automatically during the data processing.15-18 Experience suggests that the system has a
pre-set threshold (appearing to be a percentage of the base peak in the selected digitization
window) and deleting all information below this threshold; subsequently, reporting a “0”
background at all masses below that value. This leads to the generation of a bias that favors
the more abundant isotope as smaller fractions of those signals are subtracted. More
importantly, in the case of measuring disparate abundance isotopes, this leads to reports of
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Figure 5.3: Representation of the deleterious effects of the automatic noise (background)
subtraction process on a natural-abundance U mass spectrum.

no signal for low abundance isotopes. When analyzing natural abundance U samples, this
leads to the deletion of peaks generated from

234

UO2+ and

236

UO2+ ions, representing

isotopic fractions of 5.2962 × 10−3 % and 9.7 × 10−6 % of the CRM 129A sample,
respectively. This deletion step is illustrated in Figure 3, where the threshold is drawn at ~
0.007% of the major ion signal, 238UO2+ (based on previous experience). As can be seen,
the signature ion for the
the

235

234

UO2+ is below the threshold, while an appreciable fraction of

U signal would be subtracted. (Note, the

236

UO2+ signal would be infinitesimally

small on this scale.) Because the threshold value is a percentage of the base peak intensity,
there is no improvement when increasing the total concentration of the U sample.
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Additionally, the presence of concomitant ions and the resulting spectral noise exasperates
the problem by increasing the threshold. To be clear, the exact procedure for setting the
threshold is unknown and there is no process in the standard Thermo Tune Software to turn
this data processing step off. Ultimately, this noise deletion step, which is unique to the
Exactive platform, limits the dynamic range of the Orbitrap.
Previously, the deletion of minor isotope signals has limited the LS-APGDOrbitrap system to only reporting the

235

U/238U ratio for the samples run, including

depleted, natural, and low enriched U. In the case of highly enriched U samples, however,
the isotopic abundance of 234U and 236U isotope increases in relation to the major isotope
(238U) allowing for reporting the
compositions,
236

234

234

U/238U and

236

U/238U ratios. Based on the isotopic

UO2+ was observed in CRMs, U-100, U-500, and U-800, while the

UO2+ signal was only observed for the two most highly enriched CRMS, U-500 and U-

800. As an example of the improvement in isotope ratio performance related to the
background deletion threshold, the

234

U/238U precision of the measurements improves

appreciably from 4.8 to 0.1 %RSD in simply moving from U-100 to U-500, with the
accuracy improving from an error of ~ 50% relative to ~ 10 %. Due to the fact that the 234U
and

236

U isotopes were not consistently seen across all of the samples, the remaining

discussion will focus on using the 235U/238U ratio for comparison purposes. Indeed, this is
the primary ratio of interest in most of the relevant applications.
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Isotope Ratio Performance Comparisons among Methods with Increasing Levels of
235U

Enrichment
In order to establish a preliminary benchmark of the ability of the LS-APGD-

Orbitrap system to measure isotope ratio characteristics over a wide range ratio values, the
system performance was compared against elemental mass spectrometers (TIMS, ICPSFMS, and ICP-QMS) using CRMs with increasing 235U isotopic composition. The CRMs
are listed in Table 2 and ranged from 1 to 80 % 235U. Table 5 shows the results of the study.
For each of the plasma instruments, the CRMs were run during a single session from low
enriched (CRM U-010) to highly enriched (CRM U-800), with CRM U-500 used to
determine a mass bias correction factor for each instrument. The TIMS analysis was
completed as discussed in the “Materials and Methods” section. The plasma sources (the
ICP and LSAPGD) were run so that three acquisitions made up a single sample (data point)
with washouts in between each data point. Due to U carryover in the ion transfer capillary
of the Exactive mass spectrometer, a washout protocol was developed for the LS-APGDOrbitrap system. This protocol involved passing a 100 μg mL−1 sodium citrate solution as
the electrolyte solution. This was adapted from Francis et al.,37 who used citrate solutions
to remove U contamination from steel samples that had undergone corrosion in the
presence of U in equipment and buildings. Their results showed that by using a citrate
solution, up to 63 % of U was removed from the surface of the steel samples. While
effective at reducing carryover by an appreciable extent, a more thorough, independent
study is required to assess the quantitative performance and to ascertain the mechanism by
which the citrate alleviates U carryover from the LS-APGD-Orbitrap system.
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Table 5.5: Results from U enrichment study comparing TIMS, Element, X-Series and LSAPGD-Orbitrap Results.
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When the uncertainty results are compared in Table 5, the LS-APGD-Orbitrap and
the TIMS instruments are the only two that meet the ITVs for each of the sample types.
The ICPSFMS instrument was able to meet the ITVs at lower enrichment values, but was
slightly above the ITVs for the highly enriched CRM U-800 sample analysis. Based on
these results, the ICP-QMS instrument was unable to meet the ITVs for any of the samples
analyzed here. As stated in the “Materials and Methods” section, a dwell time of 10 ms per
isotope was used, which is typical of this laboratory. It might be expected that the
measurement precision would increase with longer dwell times and larger sample sets.
When the uncertainty values are compared across the TIMS, ICP-SF-MS and LS-APGDOrbitrap instruments, the TIMS was consistently below 0.02 % RSD, with a majority of
the combined uncertainty, (uc), coming from the systematic uncertainty component, u(s),
which is a measurement of the system accuracy. The uncertainty for the ICPSFMS was
consistent across the analysis for both the systematic uncertainty component, u(s), and
random uncertainty component, u(r). Interestingly, while the systematic uncertainty
component, u(s), contributed the most to the combined uncertainty, (uc), for both the TIMS
and the LS-APGD-Orbitrap system, in the case of the ICP-SFMS, the reverse is true. This
trend may be explained by the fact that the TIMS and LSAPGD- Orbitrap simultaneously
sample/measure the isotopes, while the ICP-SFMS instrument sequentially scans each
isotope. More research is needed to substantiate this hypothesis. The random uncertainty
component, u(r), of the ICP-SFMS system was approximately 0.08 % for each of the
samples except for the CRM U-500, the sample used to determine the correction factor.
When the uncertainty of the LS-APGDOrbitrap system is examined, a decrease in the
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systematic uncertainty component, u(s), is observed in the analysis of the CRMU-800
relative to the lesser enriched samples. A decrease in the overall uncertainty would be
expected as the

235

U isotope abundance increases, based on statistical arguments. This is

reflected in the ITV requirements becoming stricter (lower uncertainties) at higher
enrichment values. It is also noted that in the case of CRM U-800, the major isotope is
235

U. This means that the noise deletion step for the LS-APGD/Orbitrap would create a

bias in favor of the

235

U isotope which may be driving the value closer to the expected

value. The random uncertainty component, u(r), for the LS-APGD-Orbitrap system was
below 0.032 % RSD for the sample types run during this analysis. Based on these
preliminary results of analyzing highly enriched U samples, and given the range of samples
tested, the LS-APGD shows significant promise as a tool in the nuclear safeguards arena.
Isotope Ratio Performance Comparisons among Methods for an Unknown Sample
The ability of a system to correctly measure an unknown is vital during process of
instrument development and method validation. In order to benchmark the LS-APGDOrbitrap system against the traditional elemental mass spectrometers for this purpose,
CRM 129a was treated as an unknown. While a similar experiment was previously
completed by Hoegg et al.,15 the unknowns and known were all natural U samples having
similar 235U/238U values. In this experiment, the low enriched U sample, CRM U-010, was
used to determine a correction factor providing a more realistic test. Table 6 shows the
results of this study.
When the combined uncertainty values, (uc), are compared to the ITVs in Table 1,
all of the systems, except for the ICP-QMS instrument, fall below the ITVs for natural U.
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Furthermore, the random uncertainty component, u(r), for the CRM U-010 measurement
also fell below the ITV. However, the systematic uncertainty component, u(s), was not
calculated because the CRM U-010 was used to provide a correction factor for the
unknown (CRM 129A). When the individual uncertainty components of the LS-APGDOrbitrap measurements are compared to the target values, the systematic uncertainty
component, u(s), is slightly higher than the target value by − 0.0009 %. The fact that the
systematic uncertainty component, u(s), is 4× larger than the random uncertainty
component, u(r), and that the measured value falls below the real value for CRM129A
further suggests that the noise deletion step is creating a bias towards the more abundant
238

U isotope. This may also suggest that a CRM composition closer to the unknown may

be necessary when measuring samples where the

235

U is below a certain level in order to

better correct for the noise deletion step. A more thorough investigation, including the use
of stable isotope standards, to determine the full effect of the noise deletion step is certainly
Table 5.6: Results from unknown (CRM 129a) analysis. The corrected value was
determined by applying a correction factor determined by analyzing CRM U-010.
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warranted. Comparing the random uncertainty component, u(r), generated by the different
systems, the LS-APGD-Orbitrap compares remarkably well especially when compared to
the ICPQMS. As expected, the TIMS provided results with the lowest uncertainty, closely
followed by the ICP-SFMS. Based on these results, the LS-APGD compares favorably
with the TIMS and scanning SF instruments; however, depleted and natural U samples
suffer from high systematic uncertainties (u(s)) for this method, possibly due to the
background subtraction step that has no analogy in any of the other instrument methods
tested here.
Comparisons of Practical Aspects of Operation among Methods
The LS-APGD-Orbitrap system offers many practical advantages over traditional
elemental ion sources. Table 3 presented many of the operational differences between the
systems; however, other considerations including system resolution are not highlighted. As
demonstrated in Figure 2, the Orbitrap offers high-resolution spectra that can eliminate
isobaric interferences. This is a significant advantage when looking at oxides, as shown
above, or resolving isotopes of varying elements. Case in point for potential nuclear
forensics applications, the Orbitrap would be able to easily resolve signals from
238

238

U and

Pu. This would not be possible on the other platforms. The fact that the Orbitrap footprint

makes it suitable to be placed in a radiological hood offers a large amount of flexibility
when choosing an analysis method. For comparison, the ICP-QMS employed in this study
has a footprint of 43″ × 25″ × 30″. The ICP-SFMS and TIMS instruments used are very
much larger, 68″ × 880″ × 55″ and 41″ × 90″ × 64″ respectively. Generally speaking, the
LS-APGD-Orbitrap platform (footprint of 36″ × 33″ × 37″) is directly comparable to the

134

ICP-QMS. In terms of weight, which becomes vital to the transportation of instrumentation
to field deployable arenas, the LS-APGD-Orbitrap (~ 380 lb) is again more in line with the
ICP-QMS (~ 330 lb) and significantly lighter than the ICP-SFMS (~ 1500 lb), not including
the need for a substantial Ar supply, and the TIMS (~ 3700 lb).
Previous research has already highlighted the flexibility offered by using the LSAPGD ion source. Zhang et al. demonstrated the ability of the LS-APGD to provide both
elemental and molecular analysis of uranyl species.20 Elemental speciation, such as
knowing the nature of ligands on the U, can provide a plethora of information regarding
chemical reactivity and transport of U in the environment. While the atomic MS systems
described here (e.g., TIMS, ICP-QMS, and ICP-SFMS) are unequivocally employed for
elemental/isotopic analysis, the ability to perform molecular MS is not feasible. An
advantage to the Orbitrap platform is that it is routinely used for molecular based MS and
the LS-APGD has previously illustrated the ability to analyze a range of organic
compounds.19 One could imagine having a single unit which could provide molecular based
measurements as well as provide high-fidelity isotopic determinations, as demonstrated
here.
Conclusions
This study was aimed at providing a preliminary comparison between the LSAPGD-Orbitrap system and traditional elemental mass spectrometry systems with respect
to their performance in isotope ratio determinations of uranium. Not only did these
experiments show the first results of analyzing highly enriched U samples with the LSAPGD-Orbitrap system, they also demonstrate the observation of the
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234

U and

236

U

isotopes for the first time. Delineation of the error sources across the different MS methods
was very enlightening in terms of fundamentals of the measurement processes and
analytical utility. The use of CRMs of increasing uranium enrichment points to biases
induced by the automatic background correction process as the systematic uncertainty
component (u(s)) improves with increased

235

U content, while the random uncertainty

component (u(r)) remains fairly consistent. The combined uncertainty of the relatively new
LS-APGD-Orbitrap coupling was very competitive with the benchmark ICP-SFMS and
TIMS approaches, suggesting appreciable opportunities for future advances and
applications.
Based on these results, a critical next step is determining the source of carryover in
the system, in order to reduce washout time and ideally decrease the % RD of the
measurements. Additionally, as the research into using the Orbitrap platform for isotope
ratio analysis progresses, it has become more evident that the noise deletion step must be
addressed going forward. While uranium has been a primary focus, expanding the range of
elements analyzed to include plutonium and other related radionuclides, as well as stable
isotope measurements, is certainly warranted. With respect to overall uncertainty when
measuring isotope ratios, the system compared well with the ICP-SFMS and TIMS
instruments, while it was shown to be measurably better than the ICP-QMS instrument.
Future isotope ratio method developments using the LS-APGD/Orbitrap instrument will
include analysis of variance (ANOVA) in order to provide more detailed understanding of
sources of error and their relative impacts. When comparing the LS-APGD-Orbitrap
system to the traditional elemental mass spectrometers, it is clear that several advantages
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exist. The ability to have a benchtop instrument capable of fitting in a radiological hood,
while providing high mass accuracy and high resolution, provides for a level of flexibility
in terms of the complexity of samples analyzed. Additionally, reducing consumables as
well as eliminating waste streams allows for easy adoption in field deployable
environments. Ultimately, given the level of accuracy and precision demonstrated here, it
is clear that the LSAPGD-Orbitrap system warrants further investigation as a tool in
nuclear safeguards.
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CHAPTER SIX
CONCLUSIONS AND FUTURE OUTLOOK
Presented here is a set of detailed studies that describe the results of interfacing the
liquid sampling-atmospheric pressure glow discharge (LS-APGD) ion source with
Orbitrap mass spectrometers for the purpose of conducting high accuracy, high precision
measurements of U isotope ratios. While numerous fields rely on isotope ratio
measurements, the focus of this research has been to develop the LS-APGD-Orbitrap to
meet the needs of the nuclear safeguards community. As discussed in Chapter One, the
current gold standard instruments, thermal ionization mass spectrometry (TIMS) and multi
collector inductively coupled plasma mass spectrometers (MC-ICPMS), offer superb
accuracy and precision when performing isotope ratio analysis. In the field of nuclear
safeguards, the low level of uncertainty obtained by these instruments allows for improved
international security. While TIMS and MC-ICPMS instruments meet the International
Target Values (ITVs) for Measurement Uncertainties in Safeguarding Nuclear Materials
set by the International Atomic Energy Agency (IAEA), they are limited in numerous ways
as discussed in previous chapters.
In order to offer a field deployable instrument, the LS-APGD was interfaced with
Orbitrap mass spectrometers as described in Chapter Two. Although the initial goal was
only to complete preliminary tests of the LS-APGD on Orbitrap instruments, the results of
this first study coupled with the high resolution of the Orbitrap and large dynamic range,
as shown in Chapter Two, suggested that further research was warranted. The fact that
Orbitrap instruments had been used almost exclusively for proteomics and small molecule
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analysis means that their potential as elemental/ isotopic mass spectrometers was unknown
at the beginning of this study. As discussed in Chapter Three and further explored in
Chapter Four, the LS-APGD-Orbitrap suffered from the presence of concomitant ions,
including matrix ions and molecular ions that generally have the form (H2O)nH+. The
presence of concomitant ions had two effects on performing elemental/ isotopic analysis.
First, the concomitant ions filled the trap, limiting the number of ions of interest that were
analyzed. Secondly, due the fact that the Orbitrap is a Fourier transform instrument, there
was a propagation of noise that occurred from intense ion signals, which was a result of
the Fourier processing. This problem was exasperated by the Exactive and Q Exactive
instruments, which perform an automatic background deletion step that effects the minor
isotope, 235U, to a larger extent than the major isotope, 238U. This deletion step also deletes
the 234U signal from the spectrum. As discussed above, the original Exactive instruments
did not have the ability to limit what ions were injected into the Orbitrap and subsequently
analyzed. However, by employing the quadrupole band pass filter found in the Q Exactive
instruments, the effects of concomitant ions on isotope ratio accuracy and precision were
largely eliminated. Chapter Four also demonstrated the ability of the LS-APGD-Orbitrap
to meet the random uncertainty component of the ITVs. In order to show the ability of the
LS-APGD-Orbitrap to meet both the random uncertainty component as well as the
systematic uncertainty component of the ITVs, a series of samples with increasing

235

U

concentration were analyzed. By increasing the minor isotopes relative to the major
isotope, the

234

U and

236

U isotopes in the samples could also be measured. More

importantly, this final study, as presented here, showed the ability of the LS-APGD-
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Orbitrap to meet the ITVs with a combined uncertainty for CRM U-800 of 0.040%. Finally,
this study offers an initial benchmarking study of the LS-APGD-Orbitrap against TIMS
instrument as well as an ICP scanning magnetic sector instrument and an ICP quadrupole
instrument. The results of this study show that the LS-APGD-Orbitrap performs
exceptionally well against the other systems tested.
While the experiments included here only represent the beginning of a larger effort,
they include significant advancements in the field of isotope ratio mass spectrometry. The
coupling of the LS-APGD with Orbitrap mass analyzers still offers a number of advantages
over traditional elemental mass spectrometers that have yet to be explored. Most prominent
among these is the ability to perform ultra-high resolution analysis. While the instruments
used during this dissertation had a maximum resolution of R = 100,000, newer Exactive
and Fusion instruments employ high-field Orbitraps that have a resolution setting of R =
1,000,000 which will allow for analysis of isotopes that cannot usually be directly
measured due to isobaric interferences. Additionally, if the system is to be made field
deployable, then a larger effort to reduce the size of the Exactive platform is required.
Ultimately, however, the results presented herein suggest that the LS-APGD-Orbitrap
system has the potential to create a paradigm shift in the field of isotope ratio mass
spectrometry
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